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ABSTRACT 
A confined plunging jet may be used as an energy efficient means of entraining a gas into a 
liquid for mass transfer. The application of such a jet as a wastewater oxygenator has been 
described. A literature survey of both the theoretical and experimental reports relevant to the 
hydrodynamics and mass transfer characteristics of both unconfined and confined plunging 
liquid jets systems, has been presented. 
The objective of the present study is to develop a better understanding of the confined 
plunging liquid jets, as a contribution towards establishing its future use as an oxygenator, 
especially in wastewater treatment. The effects of the three main operating variables 
investigated are the jet Reynolds number ReN, jet length to nozzle inside diameter ratio L/DN 
and the nozzle inside diameter DN. The effect of the downcomer size Dc on the 
hydrodynamics properties include the gas entrainment rates was also examined. Desirable 
effects on the hydrodynamics, with increasing operating variables have been obtained. 
The present study is mainly devoted to investigations of the hydrodynamics properties i.e. the 
penetration depth Hp, the mean gas hold up t{;, those of confined systems, employing air-tap 
water system. The onset of the gas entrainment i.e. the minimum entrainment velocity has 
also been investigated. On the other hand, the gas entrainment rate experiments for both 
unconfined and confined systems, have also been carried out. The residence time distribution 
studies have also been performed to validate the proposed mass transfer models. It was found 
that the mixing patterns of the liquid within the downcomer could adequately be represented 
by the flow model II, i.e. two CSTRs in series followed by a PFR; whereas the liquid in the 
main reservoir tank was considered to be well-mixed, behaving as that of a CSTR. Last but 
not least, the mass transfer characteristics of the confined system have been investigated and 
evaluated in terms of the overall mass transfer coefficient KLa and the oxygen transfer 
efficiency (OTE). The KLa was obtained based on an improved mass transfer model 
compared to that used by a previous researcher (Moppett, 1996). 
Correlations for the minimum entrainment velocity, penetration depth and mean gas hold up, 
for the present range of the jet operating conditions were produced. Two correlations of the 
gas entrainment rates have also been derived from the present experimental data of the 
unconfined and the confined systems. In addition, a model was proposed to relate gas 
entrainment rates to jet roughness by analyzing the short exposure time photographs of rough 
jets. The jet surface roughness has been characterized in terms of its average surface length La 
and it was found the jet surface roughness depended greatly on the ReN, L/DN and DN. It is 
proposed that the jet surface roughness has a direct effect on the gas entrainment rate and 
consequently on the mass transfer performance of the confined plunging jet. 
Finally, in view of the inevitable effects of the presence of surface active agents in affecting 
the hydrodynamics and mass transfer properties of the plunging liquid jets systems, 
experiments were also devised to quantify these effects. The type of surface-active agents 
investigated included anionic, cationic, non-ionic, salts and a number of alcohols. 
Keywords: plunging jet, penetration depth, gas hold up, gas entrainment, residence time 
distribution, jet surface roughness, mass transfer, surface active agents. 
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CHAPTER! 
INTRODUCTION 
1.1 Background and Applications 
Liquid jets falling through air onto the surface of a pool of the same liquid, can be used to 
entrain a considerable amount of the surrounding air and disperse it as a bubble cloud. 
Plunging liquid jets are widely observed in nature e.g. waterfalls, breaking waves and 
river streams. All these processes serve a common purpose to replenish the dissolved 
oxygen in the water, which is essential for the survival of all living organisms. 
The first attempt to hamess the potential of a plunging liquid jet as a gas-liquid contacting 
device for chemical reaction was described by Mertes (1938). In many industrial and 
environmental processes the entrainment characteristics of plunging liquid jet are 
beneficial, especially for those involving mass transfer and aeration operations. However 
the presence of gas bubbles in a liquid pool is not always desirable e.g. in roll coating, 
steel teeming, cosmetics manufacture and food processing. 
Investigations of the potential use of the plunging liquid jet as an oxygenator in a 
wastewater treatment process, have been previously carried out by a number of workers 
e.g. Sneath (1978), Ohkawa et al. (1986 b, c) and Moppett et al. (1995). Wastewater is 
the effluent water from homes, businesses and industries, and is known to contain 
contaminants and pollutants, suspended solids, pathogens and nitrogen and phosphorous 
nutrients. All these components are obviously harmful to aquatic organisms. Therefore, in 
order to maintain a healthy ecosystem, the wastewater must be treated in advance before 
it is discharged or recycled. 
There are several treatment stages that the wastewater has to go through, i.e. pre-
treatment, primary treatment, secondary treatment and finally clarification. However, 
only the secondary treatment is of interest in this study. This stage may be carried out 
using the activated sludge process; its purpose is mainly to reduce the biological oxygen 
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Figure 1.1 Activated sludge treatment process 
demand (BOD) through microbial action (see figure 1.1). The BaD is a measure of the 
strength of the wastewater and is the amount of dissolved oxygen consumed by micro-
organisms as they decompose organic material in polluted water over usually a period of 
5 days. The biodegradation process produces the end products, consisting of carbon 
dioxide and water. 
Organic waste+ O2 boo"". ) CO + H 0 2 2 (Ll) 
Measurement of the rate of oxygen uptake is used as a standard test to detect the polluting 
capacity of effluent; therefore, it is vital to reduce the BOD to a safe level before 
discharge into the watercourse. This is done so to prevent the continuation of the 
biological oxidation process which may significantly reduce the dissolved oxygen 
concentration in the water. A reduction in dissolved oxygen concentration of the water 
could result in the death of many forms of aquatic life and plants in the waterways. 
Due to the low solubility of oxygen in water, gas liquid mass transfer is often the rate 
determining step in the wastewater treatment process, particularly for wastes with high 
BODs. Since the early 1900s, the activated sludge process, or the suspended - culture 
system, has been in use. The process derives its name from the fact that settled sludge 
containing living, or active, micro-organisms is returned to the reactor to increase the 
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available biomass and to speed up the biochemical reactions. The process is aerobic and 
oxygen is supplied by dissolution from entrained air into the water containing the 
suspended micro-organisms. Generally, activated sludge processes consist of a tank 
within which the biological reaction occurs, a settling tank, a recycle pumping system, 
and an aeration system. The most common aeration systems to oxygenate the wastewater 
for the biodegradation process of the micro-organisms are either air-sparged systems, or 
use surface aeration. These methods have low running costs, but are only suitable for use 
with atmosphere air. 
To satisfy the high BODs of industrial effluents, it is sometimes necessary to increase the· 
mass transfer rate of oxygen to the activated sludge. A crude model of the activated 
sludge aeration tank in figure 1.1 might assume eSTR behaviour. Then the oxygen 
transfer rate may be written as: 
(1.2) 
To increase the mass transfer rate there are several options: 
(i) Improve the hydrodynamics and hence increase KLa e.g. by generating smaller 
bubbles and increasing the specific interfacial area a 
(ii) Increase the volume of the two-phase dispersion 
(iii) Increase the driving force since C' = Po, I H L' then using pure O2 or increasing 
the system pressure would be effective. 
Simply changing from an air-supply to pure O2 increases C'by a factor of 1/0.21 = 4.8. 
Thus this method of operation allows a very substantial increase in the oxygen mass 
transfer rate. The BOe Vitox process is one such example of an add-on to the 
conventional activated sludge operation (see figure 1.2) to increase the O2 mass transfer 
rate. Liquid is continuously withdrawn from the treatment tank and pumped through a 
venturi and then discharged back into the liquid through a spargebar; this is a manifold of 
high shear expansion nozzles. Simultaneously, the gas oxygen is injected at the venturi 
throat. As the two-phase flow discharges from the nozzle, small bubbles are generated by 
the turbulent shear forces in the jet and are absorbed into the liquid. Although it is able to 
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Figure 1.2 A schematic diagram of a "Vitox" type process 
achieve reasonable oxygen transfer efficiencies (OTE) (kg 02 transferred per kWh of 
energy expended), a significant fraction of the supplied oxygen disengages from the 
sludge tank without dissolving. The latter is characterised by the oxygen utilisation 
efficiency (OUE = kg O2 dissolved per kg of O2 supplied). As an alternative, the use of a 
plunging liquid jet system has been considered due to its many advantages of low energy 
consumption (no compressor is required as in gas sparged systems), simple construction, 
small footprint and ease of installation and maintenance. Last but not least, it is claimed 
that it has equal, if not better performance than conventional air sparging aeration systems 
(Ohkawa et al., 1986b). This thesis is concerned with the application of plunging jets as 
high efficiency oxygen mass transfer devices. 
1.2 Use of a Plunging Jet as an Oxygenator 
The following section discusses the potential use of a plunging liquid jet, in particular that 
of the confined system, towards its future application as a secondary treatment device. As 
mentioned earlier in the §1.1, plunging liquid jet systems have extensively been studied 
due to its many advantages, especially the capability to generate a substantial interfacial 
area, which is essential for mass transfer. The plunging jet system was originally studied 
in an unconfined configuration where the specific interfacial area of the bubble cloud may 
be large, but the volume occupied is small and therefore the total area for mass transfer is 
limited. One of the ways to increase the volume of the two-phase dispersion is to insert a 
downcomer, in which the bubbles are forced to penetrate deeper into the liquid pool. This 
also has an added advantage of increasing the gas residence time. Subsequently, a higher 
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contact efficiency is achieved between a gas and a liquid. Therefore, more studies have 
been conducted recently on this type of operation. 
In a confined system, the downcomer contains a headspace surrounding the jet which 
could either be open to atmosphere, or closed and pressurised, depending on the nature of 
the supply gas. The wastewater is continuously recycled back into the liquid pool through 
a nozzle by the use of a pump, as is illustrated in figure 1.4. When the jet impacts upon 
the liquid pool surface, some of the gas within the headspace is entrained, producing a 
stationary bubble cloud with considerable depth in the confined column. The downward 
column superficial velocity, UL, in the confining column (see figure 1.3) is chosen to be 
small, typically less than 0.1 rnIs, so that only the smallest bubbles (with diameters less 
than approximately lmm) are carried to great depth and escape from the bottom of the 
column (see figure 1.3). The remainder of gas is either absorbed, or disengages at the free 
surface within the confining column for subsequent re-entrainment. This self-regulated 
process is advantageous as the gas is continuously recycled, thus avoiding the possibility 
of losing the gas to the atmosphere. Hence the oxygen utilisation efficiency (OUE) of the 
system is enhanced. Thus, if pure O2 is supplied to the headspace, then high OUEs and 
high OTEs should be attainable. Figure 1.4 shows another similar proposed arrangement 
of the confined system consists of multiple plunging liquid jet that could be employed in 
treating wastewaters. 
In the context of wastewater treatment, issues that may arise include the presence of 
surfactants and multi-component mass transfer. Surfactants have been known to impose 
significant effect on the bubble size, which may alter the two-phase hydrodynamics 
characteristics of the system, e.g. the depth to which the bubbles are carried, the gas hold 
up and hence the efficiency of the mass transfer operation. These effects will be discussed 
in detail in §2.9. Furthermore, multi-component mass transfer may be expected, due to 
the complexity of the presence of different constituents in the wastewater. A potential 
problem with the current arrangement (as in figure 1.3) is the desorption of gas carbon 
dioxide. This gas is produced from the biodegradation of the organic constituents in the 
waste. The presence of this gas can decrease the partial pressure of oxygen in the 
entrained bubbles and in the headspace by desorbing into the bubbles. This causes a 
reduction in the oxygen mass transfer rate. 
5 
Chapter I 
Figure 1.3 
head 
space 
oxygen 
supply 
nozzle 
"slationary 
bubble cloud" 
t 
UL = 0.1 m/s 
db < 1 111111 
down flowing .: I 
liquid t 
Plunging jet oxygenator 
liquid 
plunging 
jet 
activalcl 
sludge 
tank 
()2 absorption 
CO2 dcsorption 
waste-water inlet 
space gas head 
(air / 
confined 
downcomer 
stationary 
bubble cloud 
well 
mixed 
liquid 
oxygen) 
--= 
--
r 
-
-
-----: .. 
. 
. 
. 
. 
~ . 
,.... r 
--= 
r..nr 
0000 
•••• 
" ... 
•••• 0000 
•••• 00410 r \ •••• 0000 
•••• 
• 0Il100 
r:::: 
0000 
e008 
• 0.0 
• 0000 t .000 . 0.0. ~ '. J. :'-.J . ~. 
. 
,.... r- I-
--= I-
":: .... • • • 
•••• .0 •• 
• ••• "'eglll 
•••• • •• 0 
• •• • •• 0 
••• GO •• !~ .. 0000 !~ •• r \ ••• 0 •••• .0 •• 0 ••• 000. 
00 •• 0000 
•••• 000 • 
•••• .000 
•••• ",.00 00 •• 0 ••• 
•••• oeoo 
•••• ..0 . 
••• 
. 0000 
••• 0 t 0000 • ••• . .0.0 ~ ~ 
: ~. . : ~ . 
. :" . 
.-J ~ .' . . . : 
. 
Introduction 
() 
nozzle 
plunging 
jet 
\ 
liquid outl et 
. 
......... 
...... micro· 
. 
organisms 
suspende 
.-J . liquid din 
Figure 1.4 A proposed application of the confined plunging liquid jets 111 the 
wastewater treatment 
6 
Chapter 1 Introduction 
In addition, the use of the plunging jet in secondary wastewater processes might also 
result in the damage of the floes (Ohkawa et al., 1986b). This may occur due to the shear 
induced in the nozzle or the pump. Therefore it is necessary to study beforehand the 
physical or physiological effect of pump shear on various micro-organisms to be cultured. 
This would then indicate which type of nozzle and liquid pump should be employed to 
minimise the shearing effect on the micro-organisms. From the accumulated evidence of 
the previous studies, the recommended range of jet velocity lies between 10-15 mls, if the 
floc damage is to be avoided (Bin 1993). The jet velocities studied in this thesis are all 
below 13 mls, thus it is unlikely for the floes to be subjected to shear damage. 
All in all, the effectiveness of employing the plunging liquid jet as a gas-liquid contacting 
device in wastewater treatment could be further increased, only if every aspect of the 
system, including the problems mentioned earlier, are fully investigated. This must also 
include the evaluation of the economic feasibility, operability and flexibility of the 
device. 
1.3 Objectives of the Study 
It is widely agreed that the use of confined plunging liquid jets is more advantageous in 
many ways, compared with unconfined systems. Therefore, the overall objective of the 
present study is to carry out further experiments to develop improved understanding of 
the main features of plunging liquid jets with emphasis of confined systems. The 
objectives can be broadly categorised according to the aqueous systems studied, as shown 
below: 
(a) Air-Tap water system: 
(i) To investigate the effect of the experimental variables (i.e. Reynolds 
number ReN, jet length to nozzle diameter ratio L/DN, nozzle inside 
diameter DN and downcomer size Dc) on the hydrodynamics of the 
confined plunging liquid jet systems i.e. the minimum entrainment 
velocity Ve> the penetration depth Hp and the mean gas hold up EG. These 
tenns will be fully defined in subsequent chapters. 
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(ii) 
Introduction 
To investigate and characterize the jet surface roughness of the liquid jets 
as it is known that the gas entrainment rate QG is very much governed by 
the jet roughness. 
(iii) To carry out gas entrainment measurements by varying the experimental 
variables, on both unconfined and confined systems. For confined systems, 
the effect of the column size Dc on the gas entrainment is also to be 
investigated. A correlation will be obtained, for each system, relating the 
entrainment rate to the experimental variables. In addition, a gas 
entrainment model is to be devised to predict the amount of the gas 
entrained, based on an analysis of short exposure photos of the liquid jets. 
The gas entrainment measurements, together with the hydrodynamic 
properties obtained in (i), will be used to estimate the mean gas bubble 
residence tb. 
(iv) To model the liquid mixing patterns of the confined plunging jet system. 
This required a study of the liquid residence time distribution study, to 
validate the proposed mixing patterns. Such a mixing model is required as 
a basis for the evaluation of the mass transfer characteristics of the system. 
(v) To conduct mass transfer experiments on the confined systems by 
investigating the effect of each of the experimental variables mentioned in 
(i), on the overall liquid volumetric mass transfer coefficient KLa. 
(b) Air-Surfactant containing aqueous system: 
(i) To examine the effects of the presence of surface-active agents (i.e. 
anionic surfactant, cationic surfactant, non-ionic surfactant, salts and 
alcohols) on the hydrodynamics properties of the confined plunging liquid 
jets systems (i.e. Hp, EG and QG). 
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(ii) 
Introduction 
To evaluate the effects of the presence of surfactants (as mentioned in (i», 
at various mass concentrations, on the overall liquid volumetric mass 
transfer coefficient KLa of confined plunging liquid jets systems. 
All the above objectives are essential to characterise specifically the hydrodynamics and 
mass transfer characteristics of the confined plunging liquid jets. 
1.4 Structure of the Thesis 
Chapter 2 contains a review of the published literature, relevant to the hydrodynamics and 
mass transfer characteristics of the vertical plunging liquid jets, for both unconfined and 
confined systems. A discussion of the effects of contaminants/surfactants on the operating 
performance of the plunging jets and on those of similar two phase bubble columns 
systems is also included. 
Chapter 3 is divided into two sections. The first section describes the experimental 
apparatus and methods used during the hydrodynamics, the residence time distribution 
and the mass transfer studies, of air-tap water system. The second section also discusses 
the experimental apparatus and methods used for similar studies, but with air-surfactant 
containing aqueous systems. 
Chapter 4 is concerned with the theories and models employed to analyse various 
experimental data obtained from the operations of the present confined plunging liquid 
jet. These include descriptions of the methods used to estimate the gas hold up: (i) 
estimation from the momentum balance based on the height of bubble cloud dispersion, 
and (ii) estimation from the variation of the axial pressure along the column wall from the 
manometers. A proposed model to predict the gas entrainment rates from jet surface 
roughness measurements is described. The detail description of the three flow models 
employed as well as an evaluation of the results obtained from the RTD study, based on 
the proposed mass transfer models, are discussed. The chapter concludes with a 
discussion on the mass transfer theory. 
Chapter 5 presents the experimental results determined from experimental studies 
conducted in air-tap water systems. The minimum entrainment velocity measurements are 
first presented and discussed, followed by a discussion of the effects of all the 
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experimental variables on the hydrodynamics of the liquid jet. Results for the jet surface 
roughness as a function of system variables are also included, and these are used to 
interpret the gas entrainment rates results obtained for unconfined and confined systems. 
This chapter concludes with a discussion of the results obtained from mass transfer 
studies. 
Chapter 6 is devoted again to the discussion of the experimental results, but for the air-
surfactant containing aqueous system. Results for the effect of increasing mass 
concentration of each type of surface active agent (SAA) on the hydrodynamics 
properties are presented and compared with data obtained in the air-tap water system. 
Last but not least, the effects of the SAAs on the mass transfer characteristics of the 
confined plunging liquid jet are also evaluated and discussed. 
Chapter 7 presents a set of conclusions which are drawn from all the experimental results 
and observations. Several major problems that may arise if the current air-tap water 
system is to be replaced by plunging jet wastewater treatment process are identified. 
These problems are expected to impose severe effects on the optimum utilisation of the 
gas oxygen in the liquid pool, as well as on the hydrodynamics properties of the plunging 
liquid jet bubble column. Therefore, some constructive recommendations are made. In 
addition, the difficulties encountered with the experimental apparatus or the experimental 
methods employed during the present study are discussed. Modification to the present 
experimental arrangement and improvements on the experimental methods are then 
suggested. Finally, further works that need to be carried out on this study are also 
suggested. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction 
Since the 1970s, studies of a plunging liquid jets have been extensively carried out to 
characterise their performance and to assess their potential as gas-liquid contacting 
devices. The scope of these studies has increased considerably, including investigations 
on various types of jets, the effect of the design of a nozzle, and the effect of jet operating 
conditions. This review mainly focuses on recent studies of the jet hydrodynamics i.e. the 
penetration depth, the mean gas hold up, the gas entrainment rate, and the mass transfer 
characteristics of a vertical plunging liquid jet in an air-water system, in both unconfined 
and confined systems. The definitions of both unconfined and confined systems can be 
found later in sections 2.2.1 and 2.2.2. 
The various attempts, by a number of researchers, to correlate the penetration depth Hp, 
mean gas hold up Eo and gas entrainment rate QG, are also discussed. Finally, a review is 
presented on the effects of the presence of surfactants on the hydrodynamics and the mass 
transfer characteristics of a gas-liquid dispersion system, particular in a bubble column, 
with the use of a conventional gas sparging systems. Hitherto, there have been only a few 
literature reports on the effect of surfactants on a plunging liquid jet system. 
2.2 Mechanism of Gas Entrainment 
The mechanisms by which a plunging liquid jet entrains headspace gas into a pool of the 
same liquid have been described qualitatively by many authors. Generally it has been 
found that the entrainment mechanism is governed by the jet velocity at impact, the 
physical properties of fluid, jet nozzle design, jet length and jet turbulence level. The gas 
entrainment mechanisms for (i) unconfined and (ii) confined systems are described in the 
following sections. 
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2.2.1 Unconfined Systems 
An unconfined system comprises a liquid jet that plunges into a pool of the same liquid of 
infinite extent, Le. there are no effects of confining walls on the entrainment behaviour. 
Figure 2.1 shows a plunging liquid jet striking the unconfined free surface of a liquid pool 
and entraining gas bubbles to a dispersion depth of Hp. 
Figure 2.1 
liqll id jet 
pool ,"rf"ce 
plunging point 
Conical 
volume 
~-.. --.. --- Dc - .... ----.,.. 
Sketch of an unconfined plunging liquid jet 
The submerged two-phase mixture (biphasic region) is approximately conical. The 
volume of this cone is formed by the downwards and laterally outwards movements of the 
primary bubbles, Le. those that are formed close to the plunging point. Upward moving 
bubbles that manage to escape from the bottom of the cone and rise to the liquid pool 
surface are termed secondary bubbles (Suciu and Smigelschi, 1976). 
Instabilities are present on the surface of turbulent liquid jets, which grow as the jet 
travels from the nozzle outlet to the pool surface, due to the resistance of the surrounding 
air (Ervine et al., 1980). A more pronounced effect of the growth of these disturbances 
has been observed by increasing the density of the surrounding gas. When the jet impacts 
on the pool surface, both the occluded air (Le. within the jet periphery) and the 
surrounding boundary layer are carried under the liquid free surface. Thus, an increased 
amplitude of jet disturbances generally leads to higher entrainment rates. 
Both laminar and turbulent jets entrain gas bubbles, provided the impact velocity exceeds 
a critical minimum value. For turbulent jets, the entrainment results from disturbances on 
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the jet free surface, caused by the jet instabilities. For laminar jets, the entrainment is due 
to the formation of a sheath of gas around the jet at the plunging point, in which an 
annular oscillation causes the gas film to break up into bubbles. Figure 2.2 illustrates the 
formation of a gas sheath for a laminar plunging jet. 
Figure 2.2 
Nozzle 
Receiving liquid surface 
\ 
Liquid jet 
00 ~ 
o 0 0 0 Gasfilm 
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----''---'0 0 l " O? Gas bubbles 00\)00 0 
00 0 0 
o 
lllustration of the gas film below the plunging (Lin and Donnelly, 1966) 
Bin (1988) described a similar mechanism for low velocity, laminar (viscous) jets and 
suggested that a collar-like meniscus formed around the jet at the plunging point. At 
slightly higher jet flow rates, the impact pressure of the air boundary layer surrounding the 
jet, together with the flow field induced in the pool itself, resulted in a depression in the 
pool surface. The diameter of the jet at the plunging point is enlarged to 1.5 - 2.5 times 
that of the approaching jet. The depth of the depression becomes greater with increasing 
flow rate and the contact angle <I> increases towards 1800 (see figure 2.3 (a)). 
Momentum transfer occurs between the jet and the pool, creating transverse and normal 
velocity gradients near the free surface. Consequently, the resulting viscous shear and 
normal stresses tend to pull the liquid near the free surface deeper into the pool, giving 
rise to the formation of an "inverted" meniscus around the plunging point. When the 
contact angle reaches 1800 , an air film is carried by the jet into the pool. The lower part of 
this film oscillates and breaks into bubbles (see figure 2.3 (b)). 
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Figure 2.3 
pool 
(a) 
••• 
• (b) 
pool 
Viscous liquid jet plunging through a pool surface: 
Literature Review 
(a) contact angle <P < 1800 ; Cb) formation of an air film leading to 
entrainment (Bin, 1988) 
Any disturbance moving downward on the jet surface causes the liquid below the pool 
surface to flow radially outwards (see figures 2.4(a) & (b»; continuity requires that there 
is a radially inward flow along the liquid surface. As the disturbance enters the receiving 
pool, it traps a toroid of air, as shown in figures 2.4(c) & (d). Subsequently the gas toroid 
breaks up into small bubbles, because of the shear stresses in the liquid flow. 
Figure 2.4 
a b 
-- -\ r 
c d 
Air entrainment mechanism for low viscosity jets: 
(a) - (d) shows subsequent stages of the phenomenon (Bin, 1988) 
(a) A disturbance approaches the plunging point 
(b) As the disturbance enters the receiving pool, the surrounding flow 
field is perturbed 
(c) A layer of gas is entrained around the disturbance 
(d) The radial inflow near the free surface, causes the liquid to close 
around the jet trapping a toroid of gas, which is then broken into 
bubbles that are advected with the liquid downflow 
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Sene (1988) described both theoretical and experimental studies of the mechanisms by 
which inclined planar and circular plunging jets entrain air. As has been suggested by 
many other workers, he concluded that the air entrainment mechanism is governed mainly 
by the jet velocity. Following that, he suggested two models, one for low plunging point 
velocities Vp , where the air entrainment rate QG varied with the third power of the 
plunging point velocity Vp , and furthermore depended strongly on the turbulence intensity 
in the jet. The other model was for higher jet velocities, in which QG varied with V},I2. 
Also at high jet velocities, Sene's model suggested that the entrainment rate should be 
independent of the surface tension. Both models and experimental results were found to 
be in good agreement. As the velocity increased above the minimum entrainment velocity, 
bubbles enter the flow as a direct result of the passage of disturbances through the 
interface between the jet and receiving flows, as was illustrated in figure 2.4. As the 
velocity increases further, a thick foamy layer was observed on the receiving pool surface, 
leading to a different relationship between QG and Vp • 
Other workers have proposed alternative gas entrainment mechanisms. Thomas (1982) 
proposed that at high jet velocities, most of the entrained air enters the flow via the layer 
of foam on the surface of the receiving flows. Air enters the interstices in the foam, 
possibly as a result of wave action and splashing and is then entrained into the main body 
of the flows along with the circulating foam. These workers found that the impact angle 
of the jet is also important in determining the nature of the entrainment mechanism for 
inclined jets. At low jet angles (near horizontal), a large quantity of air is entrained along 
with the surface foam. This is mainly due to the much higher velocities in the foamy 
recirculating flows. At higher jet angles, corresponding to nearly vertical jets, the process 
of air entrainment is controlled by the formation and subsequent break up of the air film at 
the plunging point. For an almost vertical jet, the recirculating flow at the pool surface is 
relatively tranquil and air entrainment by the foam is less likely to be important. 
Robertson et al. (1973) found that the formation of a sheath around the jet was dependent 
on the ambient pressure and was observed only for liquid viscosities greater than 5 mPa s. 
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According to Ervine et al. (1980), the entrainment mechanisms involved can be classified 
into four types, as the liquid jet changes from a laminar (smooth) jet to a turbulent jet, as 
shown in the following figure 2.5: 
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Figure 2.5 Mechanisms of air entrainment (Ervine et al., 1980) 
(a) Annular oscillation 
Under this mechanism, the air travels in the boundary layer surrounding the jet, 
strikes the pool surface and causes a depression of the meniscus between the pool 
and the jet periphery; see figure 2.5 (a). Entrainment of this type only occurs when 
the jet is laminar. However, the exact range of Reynolds numbers over which this 
type of entrainment occurs is difficult to define, since the shape of the supply 
nozzle itself, has an effect. 
(b) Intermittent vortex 
The intermittent vortex mechanism takes place during the transition from laminar 
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to turbulent conditions. In this case an indentation of the pool surface appears 
around the jet peripheral (see figure 2.5 (b)), caused by a combination of the 
downward jet flow and the pressure of the air within the boundary layer 
surrounding the jet. The surface depression causes an inward radial flow, as shown 
in figure 2.5 (b). In the experiments described in this paper, this type of 
entrainment was observed when the jet turbulence intensity at the nozzle was 
approximately 1 % < Tu < 1.5%, where the jet turbulence intensity, Tu was 
determined from the ratio of the root mean square of the fluctuating liquid velocity 
component to that of the mean liquid velocity, JV'2/v in the jet. 
(c) At higher liquid velocities, as the turbulent jet impinges on the pool, the 
indentation on the surface becomes highly irregular in form, due to the rough jet 
periphery. The increased liquid surface roughness at the impact point entraps 
ambient air. Air captured by the above processes is distributed in the form of 
bubbles as shown in figure 2.5 (c). Ervine et al. (1980) found that a value of 
turbulence intensity, Tu, greater than approximately 2% was sufficient to cause 
this condition. 
(d) A freely falling liquid jet, given sufficient length, disintegrates into droplets, 
which then are responsible for entrainment of air when they impact discretely on 
the pool surface (see figure 2.5 (d)). This type of droplet entrainment is not the 
subject of the present work. 
The previous discussion of Ervine et al.' s findings shows clearly that the jet entrainment 
mechanism is not simply a function of jet Reynolds number; the jet roughness, 
characterised by the jet turbulence intensity, also alters the entrainment mechanism. To 
distinguish between "rough" and "smooth" jets, Bonetto & Lahey (1993) proposed that: 
(i) jets with Tu > 3 % may be defined as "rough". 
(ii) jets with Tu < 0.8 % may be defined as "smooth". 
In conclusion, the entrainment mechanisms for the unconfined column depend mainly on 
the Reynolds number at the nozzle exit and the nozzle design. Differences in nozzle 
design give rise to different turbulence intensities, which alter the entrainment 
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mechanisms. Furthermore, the turbulence intensity is difficult to measure or predict. At 
low Reynolds numbers, smooth jets are observed; the gas is continuously entrained from 
the breakup of the sheath of gas formed around the jet at plunging point. Whereas, at high 
Reynolds numbers, rough jets are observed, this is due to an increase in the surface 
roughness with increasing Reynolds number. The roughness of the liquid jet also depends 
on nozzle design e.g. the ratio of nozzle length to the nozzle diameter LNIDN and the jet 
length to nozzle diameter ratio L/DN. The air is trapped and dispersed into the liquid pool, 
as a result of the passage of the occluded air from surface roughness and the depressed 
liquid surface. 
2.2.2 Confined Systems 
The unconfined and confined systems share the same gas entrainment mechanism upon 
striking the free surface of the liquid pool. The difference in a confined system is that the 
liquid jet plunges into a pool of restricted geometry. Thus, the expansion of the jet is 
greatly influenced by the interaction of the flow inside the spreading jet and the flow 
confined between the jet periphery and the column wall. This is unlike the unconfined 
systems, where the bubble cloud is free to expand radially and rise to the free surface, as 
discussed earlier in §2.2.1. 
A typical sketch of a confined column is shown in the figure 2.6. Plunging liquid jets 
bubble columns, or liquid jets having downcomers are typical confined systems. More 
studies have been conducted recently on this type of operation, after realising its 
advantage of greater bubble penetration depths and longer gas residence times, and thus a 
higher contact efficiency between the gas and liquid. 
A recent study by Evans and Jameson (1995), reported four distinct regions (figure 2.6) in 
the operation of a downflowing bubble column: 
Region 1: 
Region 2: 
The free jet zone between the nozzle and the free surface of the bubbly 
mixture inside the column. 
The plunging jet region, defined as the point where the free jet penetrates 
the bubbly mixture. 
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Region 3: 
Region 4: 
Figure 2.6 
Literature Review 
The mixing zone that includes the submerged jet immediately below the 
plunge point and also the fluid recircuIating at the top of the column. 
The pipe flow zone in which the flow is fully developed. 
1 
3 
surface 
recirculating 
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Plunging liquid jet bubble column showing different hydrodynamics 
regions (Evans and J ameson, 1995) 
From the works of Yamagiwa et al. (1990), with increasing liquid velocity, five types of 
flow regimes were reported; as shown in figure 2.7. The range of experimental conditions 
studied by Yamagiwa et al. (1990) are given in Table 2.1. 
(A) Bubble stagnant 
This flow regime occurs at Iow liquid velocities; bubbles formed by the liquid jet 
penetrate to a given depth below the free surface; they are held within a fixed 
distance from the plunging point. This is due to the presence of the weak 
downward velocity field in the two-phase region. 
(B) Non-uniform bubbling flow 
In this regime, non-uniformly sized bubbles are observed in the upper and lower 
parts of the column. Bubbles in the lower part are relatively small compared to 
those in the upper part. A small number of these fine bubbles escape from the 
bottom part of the column into the separation tank. The larger bubbles rise upward 
at the wall and disengage at the top of the column. 
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(C) Uniform bubbling flow 
In this particular regime, the presence of a sufficiently strong downward liquid 
velocity field results in the gas bubbles flowing down through the column. A 
uniform size distribution of bubbles is observed in this flow regime. 
(D) Chum-turbulent flow 
At higher liquid velocities, the increased amount of entrained air leads to increased 
coalescence of bubbles. Consequently, this increases the mean bubble size and 
reduces the mean gas hold up in the column. A few large spherical cap bubbles are 
observed descending slowly in the centre of the column. 
(E) Uniform bubbling flow 
With further increases in liquid velocity, a uniform bubbling flow was again 
obtained. The bubbles flow down through the whole column, without coalescence, 
in the presence of the strong downward liquid velocity field. 
Figure 2.7 
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Nozzle diameter, DN (m) 0.008,0.010,0.011,0.015,0.018,0.020 
Liquid jet length, Lj (m) 0.030,0.060,0.090,0.150 
Column diameter, Dc (m) 0.034, 0.050, 0.060, 0.070 
Penetration depth, Hp (m) 1.20, 1.50, 1.80, 2.00 
Liquid volumetric flowrate, QL (m' /s) 3.17xlO-4 - 2.00xlO-3 
Table 2.1 Range of variables investigated for the flow regimes (Yamagiwa et al., 
1990) 
For a confined column, the gas entrainment mechanisms are similar to those of an 
unconfined column, except for the presence of recirculating eddy due to the column wall, 
around the plunging point, near the pool surface. Furthermore, different two phase flow 
regimes in the confined column are observed with increasing Reynolds number. 
2.3 Minimum Entrainment Velocity 
The minimum entrainment velocity (Ve)P may be defined as the minimum jet velocity, 
based on the jet diameter at the plunging point Dp, required to entrain bubbles in a given 
system (Lin & Donnelly, 1966). Alternatively the minimum jet velocity, (Ve)N at the 
nozzle, may be defined at which the first bubbles are entrained. 
2.3.1 Unconfined Systems 
According to Lin and Donnelly (1966), the minimum entrainment velocity (Ve)P is a 
function of the density {JL, viscosity PL, and surface tension O"L of the liquid, nozzle 
diameter DN as well as the liquid jet length Lj • However the effects of nozzle diameter and 
jet length were significant only in that they affected the jet diameter at the plunging point 
Dp. The measurements of Dp were based on the photographs of the jet profiles taken over 
a range of jet velocities. 
The Weber number of the system was found to be directly proportional to the Reynolds 
number raised to the power 0.74, provided both numbers were evaluated at the plunging 
point where the jet meets the receiving liquid. This empirical correlation (equation 2.1) 
permits good prediction of the minimum entrainment velocity (Ve)P in the laminar region 
with Reynolds number up to 1500. 
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We = lOReo.74 (2.1) 
where 
We = 
D (V) 2p Weber number, PeP L (2.2) 
(J'L 
Re = 
D (V) P Reynolds number, PeP L (2.3) 
f.l.L 
The above correlation is valid for the ranges: 8 ::; Re ::; 1500,4.0::; DN ::; 8.1 mm, 25 ::; f.l.L ::; 
400 mPas, 0.03 ::;(J'L::; 0.063 N/m and 876 ::;PL::; 1246 kg/m3. 
From the experimental work of Lin & Donnelly (1966), (V.)p decreased slightly with an 
increase in Dp. The nozzle entrance design was found to be unimportant in the laminar 
region of jet entrainment. 
For jets having Reynolds numbers greater than 2000, the effects of jet diameter and jet 
length on gas entrainment were significantly different, compared to those obtained during 
laminar flow. For these cases, the liquid volumetric flowrate QL at (Ve)p was independent 
of the jet length and dependent only on the nozzle diameter. These workers observed that 
an increase in liquid viscosity (with the liquid density and- surface tension remaining 
roughly constant) reduced the minimum entrainment velocity. The addition of low 
concentrations of surfactant was also found to lower the minimum entrainment velocity to 
a certain degree; further addition of surfactant subsequently imposed no further effect on 
(Ve)p. The effect of gas properties on (Ve)P was negligible, and the effect of moderate 
temperature changes on (Ve)p must be taken into account only when they significantly 
affect the fluid viscosity. 
Cumming (1975) predicted the minimum entrainment velocity at the plunging point by 
carrying out a simple force balance based on an assumption that air is entrained when the 
force on the surface induced by the plunging liquid jet becomes greater than the surface 
tension of the liquid surface. He assumed that close to the plunging point, the jet induces a 
pool surface velocity equal to the jet velocity at that point. The acceleration of the liquid 
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below the surface was further assumed to be an accelerating flow over a plane. The final 
equation obtained by Cumming (1975) was, 
(2.4) 
Equation (2.4) gave a reasonable fit to Cumming's (1975) experimental data. 
Lara (1979) was the first to establish two regions for the onset of air entrainment by a 
vertical plunging liquid jet. 
Region I: where the jet breaks into droplets before reaching the pool surface. 
Region IT: where the jet is continuous. 
At low jet velocities and long jet lengths, air is entrained by the impact of droplets when 
the jet breaks up before reaching the pool surface. As the jet velocity·· increases, the 
entrainment ceases at the point where the jet break up length becomes greater than or 
equal to the distance from the nozzle exit to the pool surface. There exists a critical jet 
length above which air is always entrained. After the "no entrainment" condition is 
attained, the entrainment will commence once again if the jet velocity is increased further, 
but no break up of the jet is observed. Figure 2.8 illustrates the threshold of these 2 
entrainment regions. 
Figure 2.8 
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Ervine et al. (1980) studied the effect of jet turbulence level on the minimum entrainment 
velocity at the nozzle exit. The turbulence intensity was measured using a pitot tube probe 
developed by Arndt and Ippen at Massachusetts Institute of Technology. They concluded 
the (Ve)p required to entrain air is rather sensitive to the jet turbulence level as is 
illustrated in table 2.2. 
Relative turbulence intensity Minimum entrainment velocity 
~V'2 Iv or Tu (%) (Ve)P (m/s) 
0.3 3.6 
1.0 2.5 
3.0 1.0 
8.0 0.8 
Table 2.2 Results of minimum entrainment velocity (Ervine et al., 1980) 
For the region of continuous jet entrainment, a universal correlation for the minimum 
entrainment velocity at plunging point (Ve)P was not possible, as different nozzle design 
used by many other authors produced different levels of jet turbulence. However, for 
larger diameter nozzles (DN'?7 mm) with short cylindrical section (LNiDN:5 3) and LjDN= 
1-100, the following equation has been suggested by Bin (1988): 
(V) = 14(L./ D )0.164 e P • J N (2.5) 
Moppett et al. (1995) reported that as the jet length increases, the minimum entrainment 
velocity at the plunging point (Ve)P increases, which was attributed to an increase in the 
amplitude of the surface disturbances because of the longer times for growth, similar to 
the findings of Van de Sande and Smith (1976). However, the latter's results were based 
on the low velocity turbulent jets. In the experiments reported in §5.2, such jets were 
found to be relatively smooth. Thus, the reason given by Moppett et al. (1995) may not be 
applicable for the onset of entrainment, although it may be true at higher jet Reynolds 
number. Moppett et al. (1995) also reported as the nozzle diameter increases, there is a 
general trend of an increased minimum plunging point entrainment velocity for the same 
jet length/nozzle diameter ratio (Lj.IDN)' However, this finding is in contrast with the 
results found by Lin and Donnelly (1966) and Bin (1988) described earlier. On the other 
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hand, Moppett et al. (1995) found that the addition of turbulence promoters decreases 
(Ve)p; previously Ervine et al. (1980), also found a similar effect of increasing the 
turbulence intensity. 
Van de Sande and Smith (1973) and Chanson and Cummings (1994) indicated a 
qualitative change in the air entrainment process between jet velocities of 5m1s and 8m1s 
in water. These authors also noted that the jet velocity marking the onset of continuous 
entrainment is an inverse function of the jet turbulence intensity. The "rough" jet entrains 
air at lower critical velocity, compared with the "smooth" jet, when operating at the same 
jet length. 
In conclusion, the onset of gas entrainment i.e. the minimum entrainment velocity is 
mainly controlled by the liquid physical properties, the presence of surface active 
contaminants in the liquid, nozzle design (which contributes to the presence of different 
turbulence intensity) and the liquid jet length. From various authors' findings, it can be 
concluded that in unconfined systems the minimum entrainment velocity increases with 
increasing jet length and decreasing nozzle size and decreases with increasing turbulence 
intensity. 
2.3.2 Confined Systems 
Hitherto, only Moppett (1996) has investigated the effect of the presence of a confined 
column wall on minimum entrainment velocity at the nozzle exit (Ve)N. He found that 
(Ve)N is almost constant with increasing jet length to nozzle diameter ratio L/DN' but 
increases with decreasing nozzle diameter. Moppett (1996) also found that magnitude of 
(Ve)N for a constant nozzle size in a confined column is much smaller than that in an 
unconfined column. He suggested that the liquid circulation near to the pool surface plays 
an important role in affecting the minimum entrainment velocity. Differences in the 
nozzle design were also found to be one of the reasons contributing to the onset of the 
minimum entrainment velocity. 
It can be concluded from Moppett's work that the unconfined correlations are not much 
good for predicting the minimum entrainment velocity in the confined systems, due to the 
presence of the disturbances on the confined pool surface, which result from the liquid 
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circulation. 
2.4 Gas Entrainment Rate 
A plunging liquid jet will entrain gas provided the jet velocity is greater than the 
minimum entrainment velocity. The gas entrainment rate QG can then be defined as the 
volume of gas entrained per unit of time into the receiving liquid pool. 
There are two sources of gas entrainment, depending on the characteristics of the jet 
(Evans and Jameson, 1991): 
(i) Gas is captured within the thin annular film between the jet free surface and the 
induction trumpet surface up to the point where the film breaks up. 
(ii) Gas is entrained into the core of the jet before it plunges onto the pool surface. A 
jet envelope around the jet core is created by the surface roughness, into which the 
gas may be entrained. 
The gas entrainment rate is often expressed as the ratio of the volumetric flowrate of gas 
QG to the volumetric flowrate of the liquid QL and is used as a measure of performance 
of a plunging jet. From the measurements of many authors described later in this section, 
the entrainment ratio depends on the basic system variables such as jet velocity, jet length, 
nozzle diameter and design, angle of inclination and liquid phase physical properties. 
2.4.1 Unconfined Systems 
Over the years, the gas entrainment rate by the plunging jet has been found to be closely 
related to the jet surface roughness, as suggested by McCarthy et al. (1970), Ervine et al. 
(1980), Kusabiraki et al. (1990a, 1992) and Yamagiwa et al. (1990). 
McCarthy et al. (1970) found that the jet surface roughness was the major controlling 
variable in the entrainment process. The profile of the jet surface roughness was 
determined photographically. Figure 2.9 shows the increase in gas envelope with jet 
length, which has resulted from the growing surface disturbances: 
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McCarthy et al. (1970) then rationalised the entrainment process in terms of the surface 
roughness of the jet. This surface roughness S is characterised by the diameter, Dg, of the 
gas envelope totally enclosing the jet (see figure 2.9): 
(2.6) 
where (QG }/QL and (Dg}x are the entrainment ratio and the diameter of the gas envelope 
totally enclosing the jet for ajet of length x, respectively. 
Figure 2.9 
nozzle 
T 
jet length, x 
1 jet envelope 
Jet envelope resulted from the growing surface disturbances 
(McCarthy et aI., 1970) 
Ervine et al. (1980) investigated the rate of entrainment by using a circular jet of water 
plunging through air. The entrained air was collected by an air hood and its volumetric 
flowrate Qa was measured by an air rotameter. The entrained gas flowrate is shown to be 
primarily dependent on the jet velocity at the nozzle VN, jet diameter DN, the degree of 
turbulence intensity within the jet, the growth of jet surface roughness Sir, and the nature 
of the jets (smooth or rough turbulent jets). The values of Sir were measured from 
photographs over the range of jet velocities, nozzle diameters and turbulent intensities. 
The turbulence intensity was shown to have a major effect on the rate of air entrainment. 
Ervine et al. (1980) showed that a large proportion of air is entrained from within the 
undulations of the jet on the jet surface and a smaller proportion from the boundary layer 
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surrounding the jet (figure 2.10). 
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entrainment 
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Figure 2.10 Sinuous wave f0110 of jet, showing extent Of boundary layer and air 
entrainment within surface undulations 
The rate of air entrainment QG is proportional to jet velocity at any point along the jet 11 
and the degree of surface. roughness: Sir .. From a theoretical analysis of the hydrodynamic .. 
and aerodynamic forces acting on the jet, the air/water ratio can be fmally correlated in the 
f011O: 
(2.7) 
where S is the surface roughness of jet, and r is the radius of jet, equivalent to DN 12 (see 
figure 2.10). Equation (2.7) is valid for the ranges: 6 $.DN$. 25 mm, 1 $.VN$. 6 m/s, 0.3 $. 
Tu $. 8% and for any height of fall, Lj. up to the break-up length La, where the rate of air 
entrainment was found t<;> level off, or even reduce. 
Kusabiraki et al. (1990a) showed that QGIQL increased with Fr, but the rate of increase of 
QGIQL depends on the range of Fr, where: 
V 
Fr = Froude number, .Jffs;; 
gDN 
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They also found that. Qa IQL tended to increase with increasing Lj /DN. This effect was 
attributed to the increased surface roughness. or sinuous undulations of the jet. with 
increasing Lj. Furthermore. QalQL tended to increase at LN/DN< 15. but remained almost 
constant for values above that range. for all the liquids tested; Ohkawa et al. (l987b) also 
obtained similar results for the effect of LNIDN. This confirms the findings of McCarthy 
and Molloy (1974). who indicated that the wall shear stress and the static pressure 
gradient become fully developed after LN/DN = 15. 
Kusabiraki et al. (l990a) attempted to relate the jet surface roughness to the air 
entrainment rate. Using photographs the jet surface roughness was characterised in terms 
of the average surface length. La. which was obtained by averaging both lengths from the 
jet edges. measuring from the nozzle exit to the plunging point. This method is adopted 
by the present study as a mean to determine the jet surface roughness; details can be found 
in §4.3. Tests of the effect of liquid physical properties on the average jet surface length. 
La and hence QG were also carried out by Kusabiraki et al. (1990a). Three regions were 
identified for the change of the ratio of the mean jet surface length to jet length LalLj (also 
the ratio of the gas entrainment rate to the liquid volumetric flowrate. Qa IQL) with a 
dimensionl group i.e. J.l L I ~ P L ()" L • regardless of Fr. Lj IDN and LN /DN. They reported an 
initial decrease in the LalLj (and also QdQL) for low values of J.lL/~PL()"L up to 
approximately 1.20xlO·4 m 1>. Between 1.20x104 - 1.90xlO·4 m 1>. the LalLj and thus 
QdQL was almost independent of the dimensional group. Further increases in the value of 
J.l L I ~ PL ()" L result in a near linear increase in both the LalLj and QdQL. 
In addition. Kusabiraki et al. (1992) found that (La - Lj)ILj and QdQL increased with 
increasing Fr. in a similar way. A large value of (La - Lj)/Lj means that the jet surface 
disturbances are large and hence QdQL is also relatively high. Furthermore. they found 
that (La - Lj)ILj and QdQL. both increase with an increase in LN/DN. provided LN/DN < 15. 
For LN/DN > 15. both (La - Lj)ILj and QdQL remained almost constant. This means that the 
shape of the discharging jet changes downstream is almost the same in nozzles with 
LN/DN> 15. due to the fully developed velocity profile (as discussed earlier in Kusabiraki 
et al. 1990a). Therefore. they concluded (La - Lj)ILj is closely related to QdQL. 
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Recently, Yamagiwa et al. (2000) conducted experiments to investigate the effect of 
nozzle contraction angle e, on the gas entrainment rate. They found that the dimensionless 
surface roughness LalLj (similar definition and evaluation of La as used by Kusabiraki et 
al. (1990a», increased rapidly with increasing e especially at the values of e '" 40°, and 
then levels off with further increase in e for a constant nozzle aspect ratio LNIDN, i.e. an 
increase in e leads to an increase in the turbulence of liquid flowing through the nozzle 
and a rougher jet surface. A maximum value of LiLj was obtained for the nozzles of e = 
90°, independent of LNIDN' In the present study, all nozzles have e = 90° (see §3.2) and so 
it may be concluded that each jet is entraining gas at its maximum possible rate. 
Yamagiwa et al. (2000) also found that the ratio LalLj increased with increasing nozzle 
exit velocity V N and jet length Lj • 
Hence, Yamagiwa et al. (2000) attempted to produce a correlation for the entrainment 
ratio QdQL. by incorporating all the experimental variables investigated: 
(2.9) 
where f( ~: ) = E( ~~ r and e is the nozzle contraction angle. 
The above correlation is valid for the ranges: 7 < DN < 17.8 mm, 0.05< Lj < 0.65 m, 2 < 
VN < 13.5 rnIs and 15° < e < 90°. Equation (2.9) is accurate within ±20%. The values of 
the constants, A, B, C, D and E as a function of jet operating conditions. 
Kumagai and Endoh (1982, 1983a,b) observed four distinct entrainment regions for 
inclined jets (at angles between 20° to 60° to the horizontal). 
Region I 
Region IT 
Region ill 
Region IV 
initial entrainment region 
low jet velocity region 
transition region 
high jet velocity region 
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They identified three critical velocities VJ*, V2* and V3* at the transitions points between 
the four regions described above. These critical velocities were functions of the liquid 
kinematic viscosity VL; also QG tended to increase with VL in the low velocity region, 
whereas the effect of VL on QG in the high velocity region was insignificant. They also 
found that the gas entrainment rate was independent of the surface tension in all the 
velocity regions, although this is in contrast to the report by Kusabiraki et al. (1990a). The 
reason for the difference of surface tension dependency on the gas entrainment rate of 
Kusabiraki et al. (1990a) and Kumagai and Endoh (1982) may be due to the difference in 
the experimental techniques used to measure QG. Furthermore, the behaviour of bubble 
dispersion under the liquid surface for inclined jets (Kumagai and Endoh, 1982) was 
different from that of vertical jets (Kusabiraki et al., 1990a). 
Bin (1984) tried to simplify the effect of different variables on the entrainment ratio of 
air-water system and recommended a correlation between Qc;/QL, the jet Froude number 
and LfDN, for vertical jets; 
Q IQ - 0 04Fr 0.56 (L ID )0.4 G L-· j N (2.10) 
The above correlation gives satisfactory agreement with the data of other authors provided 
that L j I DN $100, LN I DN ~lOand Fr 0.28(Lj I DN)0.4 ~1O. Furthermore the correlation 
is valid for all regions of entrainment. 
Ahmed (1974) investigated the effect of jet variables on gas entrainment rate using both 
cylindrical and annular nozzles. For cylindrical nozzles, the nozzle aspect ratio LNIDN for 
each nozzle size was not constant and had a ratio much less than 15 which would indicate 
that the wall shear stress and the static pressure gradient were not fully developed 
(McCarthy & Molloy, 1974). Abmed found that the gas entrainment rate increased with 
increasing jet nozzle velocity for both nozzle types. Larger nozzle sizes and jet lengths 
also increased the gas entrainment rate. This is consistent with many other authors, e.g. 
Bin (1984), Kusabiraki et al. (1990a) and Yamagiwa et al. (1990). 
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Cumming (1975) proposed several correlations for the gas entrainment rate of air-water 
system. For jets issuing from long cylindrical steel nozzles, the following empirical 
equation was suggested, 
Q Q LO.5 
--2..= J L j +~ 
Q .~ D 3.2 L N 
(2.11) 
where Al = 0.000294 and Az = 0.2, valid for the ranges: 0.0045 :0; DN:O; 0.009 m, 0:0; Lj :0; 
0.5 m and 2 :0; V N :0; 9 m1s. For Iow velocity jets, an equation based on the modification of 
McCarthy's correlation, as in eq. (2.6), was proposed, 
(2.12) 
Funatsu et al. (1988a) investigated the gas entrainment rate of a plunging liquid jet with an 
entrainment guide in an air-water system. They suggested the existence of different 
mechanisms that govern the gas entrainment rate. Three flow regions were found for long 
liquid jet lengths: 
Region (I): the entrained gas flow was intermittent and the bubbles were held within 
short distance from the liquid surface without further penetration 
downwards. 
Region (Il): the entrained gas flow became continuous and the bubbles travelled to a 
greater depth, but did not touch the bottom of the tank. 
Region (llI): the entrained gas flow was continuous; the bubbles were uniformly 
distributed throughout the tank after striking the bottom of the tank. 
They found that the gas entrainment rate increases with increasing liquid jet length for a 
constant nozzle diameter. At constant jet length, QG increased with increasing nozzle 
diameter. They showed that for the air-water system, the gas entrainment rate was a 
function of the kinetic energy, P, (V/ + 2gLj) , jet lengthLj , and nozzle inside 
diameter DN • Equations were obtained only for regions (I) and (Il) since there were 
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insufficient data for region (ill): 
Region (I) 
Region (ll) 
QGL/·3DN-2.8 =0.OO0577PL (V/ +2gLj ) 
QG L/·3DN-1.76 =0.00215PLO.61 (V/ +2gLj )O.61 
Literature Review 
(2.13) 
(2.14) 
Equations (2.13) and (2.14) were found to be accurate within ±27% and ±1O% 
respectively, and were valid for the ranges: 4xlO,3 :s; DN:S; 8xlO,3 m, 0.02 :s; Lj:S; 0.135 m, 
. but with 4.4:S; VN:S; 13.6 m1s for region (I) and 7.2:S; VN:S; 26.5 m1s for region (ll). 
The most recent paper, concerning the measurements of the air entrainment rate (with the 
aid of a soap film meter), was published by El Hammoumi et al. (2002). They utilised a 
"plunging tube", which is immersed 1 cm under the receiving pool to isolate the rising 
bubble swarms at the outer limit of the tube. Also the short immersed end of the tube 
minimises the perturbation of the jet and the free surface. Simultaneously, the air 
entrainment enhancement which might due to the downcomer effect could be avoided. 
(This method is similar to the method used here and described in §3.8). El Harnmoumi et 
at. (2002) found their results agree reasonably well with those obtained by Bin (1984, 
1988). 
In conclusion, many authors have reported that the surface roughness is the main variable 
affecting the gas entrainment rate Qa, especially for high Reynolds number, turbulent jets. 
Thus, it is evident that there is a direct correspondence between Qa and the surface 
roughness which is essentially governed by jet length, jet velocity and nozzle size. Longer 
jets allow further growth in the amplitude of surface disturbances, resulting in greater gas 
entrainment rates. An increase in either the jet velocity or the nozzle size, increases the 
amplitude of the surface roughness; hence, the gas entrainment rate also increases. 
2.4.2 Confined Systems 
Yamagiwa et al. (1990) found that in an air-water system, the gas entrainment rate Qa in 
regime (E) (Figure 2.7, §2.2.2) increases with increasing VN, Lj and DN. The increase was 
explained in terms of the increases in kinetic energy of the jet, surface roughness of the jet 
and contacting perimeter between the jet and the receiving liquid surface. It was found 
33 
Chapter 2 Literature Review 
that the gas entrainment rate was almost independent of the Dc (diameter of downcomer) 
and Hp (penetration depth). The following correlation was obtained by Yamagiwa et al. 
(1990): 
n IQ -224xlO-3Fro·40Reo.26(L ID )0.48 ~ L-' N j N (2.15) 
The range of applicability of equation (2.15) is given in table 2.1, §2.2.2. 
Evans (1990) developed a theoretical model for a confined jet, based on an assumption 
that the total rate of entrainment comprises contributions from the gas (QG), trapped 
within the boundary of the effective jet diameter and the gas (QG) 2 contained within a thin 
gas film adjacent to the jet free surface (see figure 2.11), i.e.: 
(2.16) 
Evans (1990) proposed that (QG)' should be calculated from eq. (2.6) using the model 
developed by McCarthy et al. (1970), which was described earlier. 
In Evans' model, the film component of the entrainment rate (QG)2is a function of the 
velocity profile and the film thickness. It is important to note that the quantity of the gas 
inside the entrained film is not equal to the volumetric flux of gas inside the boundary 
layer being dragged along by the free jet surface. The gas film entrainment occurs through 
an "induction trumpet", as shown in figure 2.11. It should be noted that Evan's model 
represents an idealised liquid jet and therefore may only be applicable for larninar or 
smooth jets. For a typical plunging liquid jet, such a well defined structure of both the jet 
and its surrounding boundary layer is not observed. 
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Recently, Maalej et al. (1999) studied the effects of nozzle and confined column geometry 
on the gas entrainment rate Qo in an air-water system, using (a) a profiled nozzle and (b) 
an orifice nozzle with outer diameters of 17.4 mm and 16 mm, respectively (see figure 
2.12a & b). Two confined columns were used: one with holes along the column wall; the 
other without holes. Both had an inside diameter of 40 mm. 
(a) (b) 
Al !~~ If I i \~\ 
. 1/ 1\\'" 
Figure 2.12 Nozzle design (a) profiled nozzle; (b) orifice nozzle (Maalej et al., 1999) 
Maalej et al. (1999) noticed that the gas entrainment rate increased with increasing nozzle 
exit velocity for both nozzles, as obtained by many previous authors. The orifice nozzle 
gave significantly higher gas entrainment rates for liquid velocities above 5 mls, 
compared to the profiled nozzle. The increase in the gas entrainment rate was doubled at a 
liquid velocity of about 10 mls, due to the higher pressure drop in the orifice nozzle, 
creating greater turbulence levels within the liquid. With the orifice nozzle, a twofold gas 
entrainment improvement was obtained for the confined column with holes at VN < 6 mls, 
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compared to that for the confined column without holes. As the liquid velocity was 
increased, the improvement in gas flowrate decreased. They suggested that the pressure 
difference between the liquid jet and the inside column was the controlling factor of the 
gas entrainment rate. At low liquid velocities, the pressure difference between the liquid 
jet and the column is high, but, with increasing liquid jet velocities the pressure difference 
decreased and thus the gas entrainment was not improved. 
In summary, the controlling variables of gas entrainment rate QG for a confined column 
are exactly the same as those of an unconfined column. The gas entrainment rate increases 
with increasing jet length, jet velocity and nozzle size. However, in a confined column, 
the QG might be further increased due to presence of the liquid circulation close to the 
pool surface. However, a comparison of the gas entrainment rates from various authors, 
either in unconfined or confined systems, is not straightforward, as the system variables 
investigated, as well as the experimental measurement methods employed are very 
different. In particular, the amount of jet roughness introduced by the nozzle design is 
often an unknown quantity or is not reported in the literature accounts. 
2.5 Bubble Size 
For efficient operation of a plunging liquid jet system as a mass transfer device, it is 
necessary to have a high gas-liquid interfacial area and therefore small diameter gas 
bubbles are essential. Bubble sizes are mostly measured from photographs (Lin and 
Donnelly, 1966; Ohkawa et al. 1987a; Evans, 1990; Funatsu et al. 1990; Kusabiraki et aI., 
1990a; Evans et al. 1992), but many also be determined by using a conductivity probe 
(Lewis and Davidson, 1983). In air-water systems, the bubbles are typically ellipsoidal in 
shape, since they are around 2-4 mm in size (see figure 4.14, §4.6.5). 
In two-phase flow contacting systems, the mean bubble size is usually reported as the 
volume-surface mean diameter, which is defined as: 
(2.17) 
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The gas liquid interfacial area per unit volume of the aerated liquid a can then be 
evaluated from the following equation, provided the gas hold up Eo is known: 
(2.18) 
In interpreting the literature data care must be taken to distinguish, a, the specific 
interfacial area; and A is the total gas-liquid interfacial area determined over the whole 
liquid tank volume. For jets issuing into unconfined pool, the specific gas-liquid 
interfacial area is often considered over the volume of liquid in the pool, as it may be 
difficult to determine volume of the bubble cloud dispersion, due to the fluctuating 
volume and the shape of the bubble cloud. In the current mass transfer study conducted in 
a confined column, a is employed since the bubble cloud volume can be easily estimated 
from the defined shape of the bubble cloud which is governed by the walls of the confined 
column. 
The following sections describe bubble size measurements in unconfined and confined 
plunging jet systems. 
2.5.1 Unconfined Systems 
In this system, two distinctly different gas-liquid regions are observed (as described 
before in §2.2.1): 
(i) An approximate conical shape of bubble dispersion cloud, which comprises 
primary bubbles of relatively small size. 
(ii) A region where secondary bubbles are moving upwards towards the liquid pool 
surface, after escaping from the sides of the cone. 
Only region (ii) can be photographed and so most authors have reported only secondary 
bubble sizes and not the size of primary bubbles. 
The dominant factor affecting both the bubble size and bubble frequency was found by 
Lin & Donnelly (1966) to be the jet velocity. They found that the average bubble size 
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decreases, and the bubble frequency increases, sharply with increasing jet velocity, above 
the minimum entrainment velocity. They also observed that the jet diameter at the 
plunging point Dp is another factor that affects the bubble size and frequency. An 
increase was noted in both the bubble size and frequency over a two- to threefold increase 
in jet diameter, with the bubble size being less significantly affected than the frequency. 
Furthermore, they found that the addition of a surfactant reduced the average bubble 
diameter and increased the frequency of bubble formation produced from each nozzle at 
the minimum entrainment conditions. On the other hand, the properties of the entrained 
gas (C02 and air were used) appeared to have no effect on either the bubble size 
distribution or the bubble frequency. 
Smigelschi and Suciu (1976) measured a constant bubble diameter, in the range of 2-3 
mm, over their experimental conditions, which were I < DN < 4 mm, 2.2 < VN < 9.7 m1s 
and Lj /DN > 20. However, the average bubble diameter in the system air-40% aqueous 
glycerol was found to be smaller than that in the system air-water. Funatsu et al. (1990) 
measured the bubble sizes from photographs, and reported the average bubble size to be 
between 2.8 and 3.5 mm, independent of the experimental conditions. 
Therefore, it can be summarised that for unconfined column, the average bubble size is 
approximately constant over the range of the experimental conditions investigated. 
However, it must be noted that the average bubble diameter is based on measurements 
from secondary bubbles; as only they can be measured photographically. The average 
bubble size could also be affected by the liquid physical properties, notably viscosity and 
surface tension. 
2.5.2 Confined Systems 
For this system, a detail description of the different hydrodynamic regions has been 
presented by Evans and Jameson (1995); see figure 2.6, §2.2.2. 
Ohkawa et al. (1987a) correlated their measurements of the specific interfacial area a in a 
confined column using: 
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a = 656V
N 
0.78 L j 0.38 (2.19) 
which is accurate to ±1O% and is valid for the ranges: 0.013 :0; DN:O; 0.025 rn, 1.19:0; VN :0; 
2.64 rn/s, 0.03 :0; Lj :O;O.09m and 0.05 :0; De :0; 0.07m. They reported that there was no 
significant difference in bubble sizes along the column height. Moreover, they found that 
the mean bubble size was almost constant «db)vs '" 3.6 mm) regardless of the operating 
conditions. 
Evans et al. (1992) predicted the sizes of bubbles produced within the mixing zone in a 
confined column by determining the forces acting on the bubble. In low viscosity liquids 
the bubbles are deformed by forces arising from liquid velocity fluctuations. The restoring 
force resisting the deformation of the bubble is due to surface tension acting at the gas-
liquid interface. The ratio of these two forces is known as the Weber number, and can be 
written as We=PLV'2db!aL, where V'2 is mean square of the velocity differences between 
the bubble and the downflowing liquid (i.e. a relative velocity). The model predicts the 
maximum stable bubble diameter dm, by assuming that a bubble breaks at a critical Weber 
number, Wee, i.e.: 
(2.20) 
This model assumes that the ratio of the gas to liquid density and the pressure change 
across the mixing zone are negligible. 
Evans et al. (1992) found that maximum stable bubble diameter may be predicted simply 
by determining the length of the mixing zone itself, and estimating the V'2 from the 
average mechanical energy dissipation rate per unit mass, i.e.: 
(2.21) 
where £ is the average energy dissipation rate per unit volume and C '" 2.0 (a constant). A 
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critical Weber number of 1.2 was used, which was determined experimentally from the 
maximum bubble size measurements, obtained using an optical cell photographic 
technique. The length of mixing zone was also determined experimentally from the 
vertical axial pressure profile along the inside wall of column. They found that the 
predicted maximum bubble diameters were accurate within ±20% of the measured values. 
The measurements of bubble sizes in confined column may be complicated by the 
presence of the recirculating eddy, due to the column wall. 
2.6 Gas Hold up 
In the context of a plunging liquid jet system, the gas hold up eo may be defined as the 
fraction of the two-phase mixture volume occupied by the dispersed bubble cloud. The 
determination of gas hold up is relatively easy using liquid displacement, manometric 
methods or conductivity probes. The gas hold up is an important factor in determining the 
gas-liquid interfacial area a (see equation 2.18) and hence the mass transfer rate. 
2.6.1 Unconfined Systems 
Kumagai and Endoh (1983b) proposed two equations for the gas hold up in their region 
IV (continuous entrainment with bubble swarm). The gas hold up was estimated by 
multiplying the gas entrainment rate by the residence time of the entrained gas. Following 
that, the dependence of gas hold up on a range of variables can be established for region 
IV depending upon the LjDN ratio: 
e - 8 07 X 10-5 (p D 2V 2 )(L ID )0.35 sin 0.2 a G-' LNN j N (2.22) 
e -I 86 x 10-4 (p D 2V 2 )(L ID )0.15 sin 0.3 a a-' LNN j N (2.23) 
where a is angle between the water jet discharge axis and the bath surface (a vertical jet 
has an angle of 90°); the angles investigated were 30°,45° and 60°. They concluded that it 
is preferable to have the LjDN = 70, because the gas hold up does not increase appreciably 
beyond that ratio. However this does not seem to be a practical option for industrial 
design due to space limitation of the reactors or difficulties in piping and liquid feeding 
(Ohkawa et aI., 1986b). 
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Funatsu et al. (1988a) observed that the gas hold up is proportional to the gas entrainment 
rate in region IT (as described in §2.4.1). An overflow displacement method was used to 
determine the gas hold up. The gas hold up was found to be higher with an entrainment 
guide under the same operating conditions than without an entrainment guide. The gas 
hold up increases with increasing liquid jet length for a constant nozzle diameter and also 
increases with increasing nozzle diameter at constant jet length. Using the energy 
conservation principle in their system, they obtained correlations for the gas hold up in 
regions (I) and (IT), as a function of (VN 2 + 2gLj)/ hL , Lj , and DN, where hL is the liquid 
height in the plunging jet tank during operation. 
Region (I) ~ h -O·71D -2.98 -15 066fll 2 +2 L )I.s/h 1.5 <'G L N - • \Y N g j L (2.24) 
Region (IT) e h -O.21D -1.8 - 2 158(V 2 + 2 L )0.72/ h 0.72 G L N. -. N g j L (2.25) 
Equations (2.24) and (2.25) were claimed to be accurate to within ±25% and ±8%, 
respectively and were valid for the ranges described earlier in §2.4.1. 
In conclusion, the gas hold up increases with increasing jet velocity, jet length and nozzle 
diameter. Similar to the gas entrainment rate, gas hold up is also affected by the jet 
surface roughness, which increases with increasing jet velocity, jet length and nozzle size. 
This allows more air to be entrained, resulting in larger gas hold up values, even if the 
bubble size remains approximately constant. 
2.6.2 Confined Systems 
Yamagiwa et al. (1990) investigated the values of gas hold up, eG , with a downflow 
bubble column and found comparable values at high liquid throughput, i.e. in regime (E) 
with those obtained at low liquid throughput, i.e. regime (C) (see figure 2.6, §2.2.2). They 
also showed that the gas hold up increased with increasing VN and Lj and gas hold up 
increased with decreasing DN at constant V N. The increase of eG with decreasing DN was 
considered to be due to an increase of the bubble residence time by decreasing the liquid 
superficial velocity in the column. 
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Yamagiwa et al. (1990) also found that the gas hold up increased with an increase of the 
column diameter, Dc, but was almost independent of penetration depth Hp. This effect 
was considered to be due to the decrease of the downward liquid velocity in the column, 
which resulted in a decrease in the downward velocity of bubbles, similarly to the effect 
of DN on lOG' The effects of these variables on gas hold up lOG were analysed by 
dimensional analysis and were correlated as follow: 
t: -996xlO-3Fro·06Re°.l7(D ID )-o·60(L ID )0.35 0-· C N Ne iN (2.26) 
where Frc = Uu(gDc)°.5; and the above correlation is valid for the range shown in the 
table 2.1, §2.2.2 and with an error of±15%. 
Generally, the effect of variables such as VN and Lj on gas hold up for confined column is 
the same as that of unconfined column. However, the gas hold up is found to increase 
with decreasing DN, which is in contrast with that obtained in unconfined column. The 
presence of the column wall limits the area available for the expansion of the bubble 
dispersion cloud, leading to a greater penetration depth. Hence, the bubble residence time 
increases and the gas hold up also increases. 
2.7 Penetration Depth 
The bubble penetration depth Hp is the distance that the bubbles are carried below the 
liquid surface of the receiving pool (refer to figure 2.1). The depth is attained once the 
local liquid downward superficial velocity is equal to the rise velocity of the bubble (Bin, 
1993) although it should be noted that the bubble size changes with depth due to 
coalescence. The actual depth is subject to fluctuations, and so a time-averaged depth is 
generally taken. 
2.7.1 Unconfined Systems 
Suciu and Smigelschi (1976) were the first authors to show that with increasing jet length, 
the penetration depth Hp decreases at first strongly and then reaches a limiting, constant 
value of Hp, which is a function of DN and VN only, as correlated by the following 
dimensional equation. 
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(2.27) 
which is valid over the ranges: 1 < DN < 4mm, 2.2 < VN < 9.7 m/s and Lj/DN > 20. 
McKeogh and Ervine (1981) suggested a power relationship for the dispersion depth, 
(2.28) 
which is valid for the V N in the range of 1 to 7 m/s and DN from 6 mm to 30 mm. 
It can be shown that eq. (2.28) is simply a relationship between Hp/DN and a Froude 
number Fr, as defined in eq. (2.8). Bin (1993) proposed such a empirical correlation, 
which covered a wider range of operating conditions (i.e. VNDN> 0.01 m2/s): 
(2.29) 
H 
or, _P == 5.14Fro 66 
DN 
(2.30) 
The results obtained by Moppett (1996) also show similar dependence of the 
dimensionless penetration depth on the nozzle velocity and the nozzle diameter (as in 
McKeogh and Ervine, 1981; and Bin, 1993), i.e.: 
(2.31) 
which is valid for: 4.9 ::; DN ::; 13.5 mm and 10 ::; VN/(gDN)O.S ::; 80. 
Moppett (1996) reported that as the nozzle diameter and jet velocity increase, greater 
bubble penetration depths are achieved for the same jet length. The bubbles are carried to 
greater depths because of the increased momentum of the jet. A transition point was 
observed at approximately VN = 15 m/s, where the dependence of bubble penetration 
depth on the plunging point jet velocity was reduced. Increasing the jet length (for 
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constant jet velocity and nozzle diameter) initially reduces the bubble penetration depth, 
but then Hp remains constant for LjDN >20. This is believed to be related to the 
instabilities created on the surface of the jet. Previous authors such as Suciu and 
Smigelschi (1976), Ohkawa et al. (1987b) and Kusabiraki et al. (l990b) have also 
observed similar phenomena to those described by Moppett (1996). 
Jets with turbulence promoting caps, became unstable at low velocities and disintegrate 
into sprays (at about 5 mls to 7 mls). However in the stable jet region, greater bubble 
penetration depths were observed, as the jet turbulence was increased for the same jet 
length, jet velocity and nozzle diameter (Moppett, 1996). It was further observed that the 
increased bubble penetration depths, achieved with the inclusion of the turbulence 
promoting cap, were greater when operating at short jet lengths compared with longer jet 
lengths. 
According to Kusabiraki et al. (1990b), HplDN decreased with nozzle length to diameter 
ratio for LNIDN < IS, but was almost constant above this value, due to the fully developed 
velocity profile. At LjlDN < 20, HplDN was found to decrease with increasing Lj IDN and 
was almost constant for LjDN > 20. The physical properties of the liquid were found to 
have almost no effect on Hp IDN for the selected range of properties tested. Their final 
correlation of Hpwas: 
(2.32) 
where P = -0.21 for nozzle aspect ratios of LNIDN < 15 and = 0 for LNIDN> 15. Also, for 
L/DN < 20, r= -0.21 and for L/DN > 20, r= O. Equation (2.32) is valid for conical-shaped 
nozzles with a 45° entry with DN between 0.007 and 0.0178 m, and for liquids 
with ilL I ~ PL (J"L ranging from 1.04xlO·4 to 4.80xlO-4 mIl2• 
Kumagai et al. (1993) argued that the penetration depth depends not only on the jet 
momentum, i.e. DNVN (as previously correlated by Suciu and Smigelschi, 1976; and 
McKeogh and Ervine, 1981) but also on the jet length and jet discharge angle, a (from the 
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horizontal); they proposed the following empirical correlation for the air-water system: 
( 
L. )-0.55 
Hp =50(DNVN )A D~ sin 1.5 a (2.33) 
where A = 1.7 (Lj I DN )-1/6 (2.34) 
which is valid over the ranges: 2xlO-3 :::; DN:::; 8.04xlO-3m, 10:::; LjDN:::; 400 and V2' :::; VN 
, :::; 34 rnIs. 
Recently, Ito et al. (2000) investigated the effect of nozzle geometry on the bubble 
penetration depth in a vertical plunging liquid jet system in relation to jet surface 
disturbance and air entrainment rate. For nozzles with contraction angles below 90°, they 
found that Hp IDN decreases with increasing LN IDN up to 15 and is constant above this 
value. This finding is consistent with many previous authors e.g. Suciu and Smigelschi 
(1976), Kusabiraki et al. (1990a), Kumagai et al. (1993) and Moppett et al. (1995). For 
nozzles of e = 90°, Hp IDN was found to be independent of LN/DN. From photographs of 
the jet taken for various nozzle geometry under identical experimental conditions, the 
nozzle with e = 90° generated the greatest amplitude of the surface roughness and the 
shape of the jet was geometrically incoherent. Jets formed from nozzles with e < 90° had 
a coherent sinuous shape, with protuberances. 
Ito et al. (2000) also discovered that Hp IDN varied with Fr in the same manner for 
different nozzle contraction angles. The dependency of HplDN on L/DN was also found to 
be similar for different nozzle contraction angles. This suggested that the change in jet 
shape with L/DN is similar for different nozzle contraction angles, even though the level 
of turbulence generated initially in the nozzle exit might be different. A correlation of the 
bubble penetration depth Hp with all the experimental variables investigated was 
produced and is presented below: 
(2.35) 
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where f(Fr) = C + D(logFr) + E(logFr)2 and Fr = ~. Equation (2.35) is accurate 
gDN 
to ±1O% and valid for the ranges: 7 < DN< 17.8 mm, 5 < LNIDN < 70,2.8 < Ljl DN < 107, 
2 < VN < 13.5 mls and 15° < e < 90° (conical shaped nozzles only). The values of 
constants, A, B, C, D and E depend on the range of e, LNIDN, and L/DN. 
In summary, the dimensionless penetration depth decreases with increasing LNIDN, but 
becomes constant for LNIDN > 15, for nozzles of contraction angle below 90°. The 
penetration depth is independent of LNIDN for nozzles of contraction angle at 90° (same as 
the present nozzle geometry). This is due to the fully developed velocity profile. Again, 
the dimensionless penetration depth also decreases with increasing L/DN, but beyond 
L/DN> 20, it becomes independent of L/DN. In addition, the penetration depth increases 
with increasing VN and DN (Le. with increasing momentum of the jet), regardless of the 
difference in the nozzle contraction angle. Finally, the effect of liquid physical properties 
on the penetration depth was found to be negligible. 
2.7.2 Confined Systems 
No empirical correlations in relation to the bubble penetration depth in the confined 
systems have been published. At present, only qualitative explanations are available. 
Moppett (1996) reported that as the jet velocity at the plunging point increases, the 
penetration depth also increases. At low jet velocities, the increase in penetration depth 
seemed to be directly proportional to the increase in jet velocity. With an increase in 
liquid jet fiowrate, the bubbles are dragged to greater depths due to the increasingly strong 
downward liquid superficial velocity; the effect of jet length on the penetration depth was 
found to be rather small. Moppett (1996) also investigated the effect of the change in 
nozzle diameter by plotting a graph of dimensionless penetration depth against Froude 
number Le. (Vp)/(gDN)ll2. For the same Froude number, he observed that the largest 
nozzle diameter gave the greatest dimensionless penetration depth. 
Thus, it can be concluded that the effects of variables such as DN and V N on the 
penetration depth for both systems are similar, Le. the penetration depth increases with 
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increasing VN and DN. The inclusion of a vertical downcomer in the plunging jet 
arrangement leads to an increase in the penetration depth (due to an increase in the 
downward liquid superficial velocity). Ohkawa et al. (1986a) showed that an increase in 
the downward liquid superficial velocity, which can be occur as a result of increased 
liquid volumetric flowrate or reduced column diameter, produces a large bubble 
penetration depth, compared with the bubble penetration depth obtained by Suciu & 
Smigelschi (1976). 
2.8 Mass Transfer 
This section discusses the mass transfer characteristics of a plunging liquid jet, issuing 
into both an unconfined and a confined receiving pool, over a range of jet operating 
conditions. Two useful parameters can be used to assess the mass transfer performance of 
the plunging jets. They are the overall mass transfer coefficient KLa and the oxygen 
transfer efficiency (OTE) (which is discussed later). In favour of the Iow energy 
consumption and the flexibility of the plunging jet system, many authors have attempted 
to obtain correlations for the mass transfer coefficient and the oxygen transfer efficiency. 
Generally, one should have a better understanding of the mixing process before any 
correlation attempts are made; the flow pattern in a confined system is noticeably different 
to that of an unconfined system. 
For a typical plunging liquid jet, regardless of the geometry of the plunging system, there 
are three different regions in which mass transfer can take place: 
(i) from the surrounding gas to the liquid jet column 
(ii) from the surrounding gas to the free surface of the liquid pool 
(iii) from the bubble cloud to the surrounded liquid pool 
The contribution from region (i) and (ii) were found by many authors e.g. Van de Sande 
and Smith (1975) and Bin (1977), to be insignificant. Thus, it is sufficiently accurate to 
estimate the overall liquid volumetric mass transfer coefficient KLa based only on region 
(iii). From various mass transfer studies, another two types of system can be further 
distinguished regardless of the geometry of the system studied (Bin and Smith, 1982): 
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(i) Open system 
Literature Review 
a constant fresh liquid feed, with a constant drainage rate, 
maintaining the liquid volume in the tank (fig.2.13a). 
(ii) Closed system: a complete recirculation of the liquid within the loop with a 
constant liquid hold up (fig.2.13b). This system is employed by 
most of the authors. 
Complete mixing in a large tank with a single nozzle is rarely achieved. However in terms 
of the penetration depth Hp, it was noted that tank volumes up to the order of 30Hp3 can 
be regarded as well mixed (Bin and Smith, 1982). According to Tojo and Miyanarni 
(1982), an inclined jet provided better liquid mixing than a vertical jet. The optimum jet 
angle was found to be approximately 60° from the horizontal. 
Gas 
reed 
Bubble -+_ 
dispersion 
cloud 
To 
drain 
__ Nozzle 
(a) 
Liquid 
r7'~~~ reed 
Gas 
reed 
t~ __ 
To t 
drain 
;; 
if j' 
(b) 
Nozzle 
Liquid 
reed 
Figure 2.13 Schematic diagrams of plunging liquid jet systems (Bin & Smith, 1982) 
(a) Open system; (b) Closed system 
In the closed systems investigated by Van de Sande and Smith (1975), Tojo and 
Miyanarni (1982), Maalej et al. (1999), the assumption is that the liquid phase in the main 
tank is perfectly mixed and with plug flow in the circulation line. A solute balance for the 
liquid phase leads to the following equation: 
(2.36) 
where Vm, Ve are liquid volumes in the main tank and circulation line respectively, C(t) is 
the concentration of solute in the main tank at time t , C* is the equilibrium concentration 
of the solute in the liquid phase, te is the residence time of the liquid in the circulation 
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pipe, equivalent to V,IQL and A is the interfacial area equivalent to aVT (a is the specific 
interfacial area). 
Usually, the circulation time te is comparatively small and can be neglected. Thus, eq. 
(2.36) can be simplified to: 
v dC(t) = K A (C' - C(t)) 
T dt L (2.37) 
where VT is the total volume of liquid in the main tank and liquid in the circulation line, 
equivalent to Vm + Vc' 
Integration of eq. (2.37) using an initial concentration of Co at time to = 0, yields: 
C' - C(t) 
C'-C o {
-K A } 
exp v
r
L (t) (2.38) 
Thus, the overall liquid volumetric mass transfer coefficient can be evaluated from the 
above equation. In addition, the following assumptions are usually applied: 
\ 
(i) Liquid-phase resistance controls the mass transfer rate 
(ii) Mass transfer through the free jet and the liquid surface are negligible 
(Hi) Henry's law holds 
It should be noted that any deviations from perfect mixing in the tank will result in 
erroneous values of KLa .. The methods described in §3.10 avoid this problem. 
2.8.1 Overall Liquid Volumetric Mass Transfer coefficient 
The overall mass transfe'r coefficient KLa is a useful parameter in determining the mass 
transfer characteristics of the system. The overall mass transfer coefficient KLa gives an 
indication of the required size of the aeration device and thus suggests the capital cost. 
Empirical correlations have been attempted by many authors to incorporate the effect of 
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experimental variables on the overall mass transfer coefficients (Ahmed, 1974; Funatsu et 
al., 1988b, 1990; Ohkawa et al., 1986b; Tojo and Miyanami, 1982; Van de Donk, 1981; 
Van de Sande and Smith, 1975). A simple relationship, covering a range of jet operating 
conditions for unconfined plunging jet studies has been correlated by Bin and Smith 
(1982): 
-l( P) KL~293) = 9xlO Vr (2.39) 
where KrA(293) is the overall volumetric mass transfer coefficient at 293 K, based on the 
interfacial area of the bubble cloud per unit volume of the total liquid in the system and P 
is the jet power. Equation (2.39) was valid for the range of P values from 0.02 to 750 W, 
with an accuracy of about ±30%. Bin and Smith (1982) showed from further analysis of 
their data that the jet operating conditions on the overall mass transfer coefficient could be 
divided into two groups: small diameter nozzles (3 mm to 20 mm) and large diameter 
nozzles (>20 mm). This observation is related to the amplitude of the perturbations 
formed on the jet surface and their subsequent effect on the hydrodynamics and mass 
transfer characteristics of the jet. 
Tojo and Miyanami (1982) proposed a similar empirical correlation: 
(
p )0.61 
KLa(293) = 0.029 Vr (2.40) 
Equation (2.40) is valid for the ranges: 0.0045 ~ DN ~ 0.0078 m and 0.6 ~ LjDN ~ 40. 
They also found lower mass transfer rates coefficients with shorter jets compared to 
longer jets, due to their effect on the jet surface roughness near the plunging point; the 
amount of gas entrainment also appears to be controlled by small perturbations on the jet 
surface, which are not fully developed. The KLa increased remarkably with increasing jet 
velocity, which is consistent with the findings of Van de Sande and Smith (1975), Van de 
Donk et al. (1981), Funatsu et al. (l988b) and Bin (1993). 
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In addition, Funatsu et al. (l988b) also found a relationship between the overall liquid 
volumetric mass transfer coefficient and the jet power per unit volume of liquid. Their 
experimental data fell between those obtained by Tojo and Miyanami (1982) and Bin 
(1993). The deviation from other data was probably due to a different nozzle design. 
Correlations have been proposed for the overall mass transfer coefficient in relation to the 
jet power per unit volume of liquid, with the jet power raised to an index between 0.63 to 
1.0 (Van de Sande, 1974; Tojo and Miyanami, 1982; and Bin, 1993). 
Ahmed (1974) examined the effect of various experimental variables on the oxygen 
transfer rate in both an air-water system and a biological system i.e. a pig slurry (only 
results for the air-water system are discussed here). The oxygen transfer experiments were 
conducted with (i) a cylindrical nozzle and (ii) an annular nozzle of approximately the 
same inner diameter, at a nozzle velocity of about 11 rnIs. Ahmed (1974) observed that 
the oxygen transfer rate increased with increasing jet nozzle velocity. Also, at a constant 
nozzle velocity, an increase in nozzle diameter led to an increase in the oxygen transfer 
rate. 
Van de Sande and Smith (1975) proposed a mass transfer model to describe the oxygen 
transfer process from the bubble cloud to the surrounding liquid in the air-water system. 
In the proposed model shown in figure 2.14, VBC is the volume of the bubble cloud, QB 
and QR are the flowrates of the water exchanging stream, VR is the volume of the 
remainder of liquid in the tank and eR is the concentration of oxygen in the liquid pool 
outside the bubble cloud. 
Bubble 
I cloud QR Vac; C· 
QB 
Liquid pool 
VR; eR 
Figure 2.14 Proposed model for the flowrates in the liquid pool 
(Van de Sande and Smith, 1975) 
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Their final correlation was: 
(2.41) 
which is valid for the ranges: 4 :s; VN:S; 15 mls, 3.9 :s; DN :S;12 mm, 1.25 :s; LNIDN:S; 20 and 
Lj=0.2m. 
Van de Donk (1981) proposed two empirical correlations for the mass transfer coefficient 
for the air-water system, depending on the nozzle diameter in use: 
(2.42) 
which is valid for the ranges: 3 :s; DN :s; 8 mm, 15 000 :s; ReN :s; 56 000 and 0.2 :s; Lj :s; 0.8 
m. 
Ku1 = 0.163 VN 1.6 DN 1.6 Lj 0.5 (2.43) 
which is valid for the ranges: 30 :s; DN:S; 100 mm, 10 000 :s; ReN:S; 40 000 and 0.35 :s; Lj:S; 
O.85m. 
Ohkawa et al. (1987a) investigated the liquid phase volumetric mass transfer coefficient 
KLa in a downflow oxygen-water confined plunging jet system. Their KLa was found to 
increase with increasing V N, Lj and DN, but decreased with increasing Dc. A correlation 
for KLa was obtained with a maximum deviation less than 15%, 
K -1 62V 3.75 L 0.54 D 4.52 D -4.94 La -. N j N C (2.44) 
which is valid for the ranges given earlier in §2.5.2. 
The effect of the colunm diameter Dc on the mass transfer coefficient has also been 
studied by Tojo and Miyanami (1982). They noted that an increase in KLa with a decrease 
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in the column diameter (from Dc = 0.50 m to 0.30 m), Le.: 
1 Kaoc-
L D2 
c 
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(2.45) 
Funatsu et al. (1988b) also reported a similar relationship. This may be due to an increase 
in the bubble dispersion depth as the column diameter decreases. The greater penetration 
depth results in longer bubble residence time and thus increases the mass transfer 
coefficient. 
Moppett et al. (1996) proposed two mass transfer models which could be used to evaluate 
the mass transfer characteristics of a confined plunging liquid jet system, based on the 
mixing patterns found from the Residence Time Distribution (RTD) studies. These 
models have been adapted in the present study (detailed descriptions are given in §4.6.1) 
and are applicable for the determination of the overall mass transfer coefficient KLa from 
unsteady state oxygen absorption experiments. 
Moppett et al. (1996) measurements of KLa exhibited no distinguishable trend with nozzle 
velocity, jet length and nozzle size. This is inconsistent with the findings previously 
documented by Ohkawa et al. (1987a), Tojo & Miyanarni (1982) and Bin (1993), as 
discussed earlier. These authors found that the KLa increases with increasing jet velocity, 
jet length and nozzle diameter. This inconsistency might be due to their invalid 
assumption that the liquid in the main tank is well-mixed. 
Maalej et al. (1999) determined experimentally the overall volumetric mass transfer 
coefficient KLa by a "gassing out" method. In their mass transfer experiments, the orifice 
nozzle (refer to figure 2.12b in §2.4.2) and the confined column with holes were used. By 
plotting the KLa as a function of the hold up ratio Ea It1, they found that the volumetric 
mass transfer coefficient increased with increasing hold up (similar to the findings of 
Funatsu et al., 1988b). They obtained values of KLa ranging from 0.0025 to 0.009 s·t, 
much higher than those obtained in reactors with a submerged jet and as high as those 
obtained for packed columns. 
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From various correlations proposed by many workers described above, there is a general 
agreement of the increase in the overall mass transfer coefficient KIll with increasing 
nozzle exit velocity, nozzle diameter and jet length (for unconfined systems). However, 
V N is the main variable in contributing to the change in mass transfer coefficient. The 
increase in jet length only leads to a gradual increase in KIll. The reasons might be due to 
the increase in the plunging point velocity and surface roughness as the jet length 
increases. As a consequence, a greater gas entrainment rate is achieved. On the other 
hand, the overall mass transfer coefficient for a confined column is affected by nozzle exit 
velocity, nozzle diameter and liquid jet length, in a similar way to that of an unconfined 
system. Many authors found that the KLa increases with increasing VN, DN and Lj • The 
effect of the column diameter Dc was also investigated. It was found that KLa increases 
with decreasing Dc. This could be due to the increase in the degree of the liquid 
circulation near the receiving pool surface, which causes an increase in gas entrainment 
rate (Ohkawa et al., 1986a). 
2.8.2 Oxygen Transfer Efficiency 
The OTE is a measure of the oxygen transfer rate of a gas-liquid contacting device in 
relation to the power supplied to the jet (units kg Oz/kWh) (see §4.6.3 for detailed 
description). Usually, the OTE is used as an indicator of the operating costs of the 
oxygenation device, i.e. the amount of oxygen per unit of energy. Table 2.3 shows the 
typical range of OTE for a variety of aerators. For pure oxygen systems, the OTE values 
are increased by a factor of about 5 compared to values based on air only systems. The 
range of the OTE values that are obtained with the use of the unconfined and confined 
plunging liquid jet systems, are also given in table 2.3. This following section discusses in 
detail the ranges of OTE value that were obtained by various authors, who employed 
plunging jet systems. Almost all the OTE values are larger than conventional aeration 
systems. 
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Aerator type 
*Diffused air 
Fine bubble 
Coarse bubble 
Submerged jet 
*Pure Oxygen 
UNOX 
VITOX 
*Mechanical 
Simcar surface aerator 
Turbine aerator 
Simple cone 
*Oxidation brushes 
Kessener brush 
Cage rotor 
Plunging Liquid Jet (Air-water systems) 
Unconfined Systems 
Confined Systems 
Literature Review 
OTE (kg O~Wh) 
1.2-2.0 
0.6-1.2 
1.2-2.4 
2.4- 3.8 
2.8-4.2 
2.1 - 2.4 
2.1- 3.2 
2.0-2.6 
2.4- 3.2 
1.4- 3.0 
0.7 -8.0 
0.3 - 2.5 
Table 2.3 Oxygen transfer efficiency of various type of aeration devices (* extracted 
from Roran. 1990). 
Sneath (1978) obtained a relationship for oxygen transfer efficiency OTE in terms of the 
jet power on the study of the treatment of pig slurry effluent with air (for large diameter 
nozzles 38 mm to 68 mm and at a relatively low jet velocity): 
OTE = 1.48p-o·s33 (2.46) 
An OTE value of as high as 8 kg Oz/kWh was obtained by Sneath (1978). 
Van de Donk (1981) also proposed the corresponding correlations for the OTE as a 
function of jet power at plunging point (for air-water system). they are: 
OTE = 2.5p-o·21 
OTE = 3.6p-o·20 
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Equation (2.47) and (2.48) are valid for the ranges stated earlier for equation (2.42) & 
(2.43), respectively. The range of aTE value obtained by Van de Donk (1981) is: 1.5 :0; 
aTE::;; 3.8 kg 02lkWh. 
On the other hand, an aTE range of 0.92 kg Oz/kWh to 3.9 kg Oz/kWh for the air-water 
system with a low velocity jet issuing into an unconfined column, with a nozzle diameter 
ranging from 4.5 mm to 7.8 mm was published by Tojo and Miyanarni (1982). Their 
results compared well to those obtained by Van de Donk (1981). 
Ohkawa et al. (1986b) also measured the performance of the oxygen transfer in their 
plunging water jet system using inclined short nozzles, for experimental conditions in the 
ranges: 0.008 ::;; DN::;; 0.020 m, 0.03 :0; Lj:O; 0.15 m and with jet inclination angle a of 30°, 
45° and 60°. The aTE found, falls within the range of 0.7 to 6.0 kg 02lkWh. Ohkawa et 
al. (1986b) concluded that their plunging jet arrangement delivered better performance 
characteristics compared with conventional gas-liquid contacting devices (e.g. surface 
aerators, submerged gas injection systems and other types of aerators, such as downflow 
bubble columns with gas spargers and gas-liquid injection nozzles, where their aTE lies 
between 1.0 kg Oz/kWh and 3.0 kg Oz/kWh for air-water system) 
Yamagiwa et al. (1991) also investigated the oxygen transfer efficiency in a small scale 
activated sludge treatment by a plunging liquid jet bioreactor with cross flow filtration. 
The aTE was reported to lie within 2.0 kg Oz/kWh to 4.6 kg Oz/kWh for relatively low 
velocity water jets of between 1 rnIs to 5 rnIs. Thus the jet aeration at low velocities is 
usually more efficient in oxygen transfer performance (similar to previous findings of 
Sneath, 1978; Van de Donk, 1981; Tojo & Miyanarni, 1982; Ohkawa et al., 1986b). 
Moppett et al. (1996) attempted to relate the aTE by incorporating the effect of both jet 
power and nozzle diameter in a single power law correlation, for a confined column (Dc = 
0.10 m): 
(2.49) 
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This relationship is valid for the ranges: 5 :0; P :0; 100 W, 5.9 :0; DN :0; 13.5 mm and 5 :0; 
L/DN :0; 70. The OTE value obtained by Moppett et al. (1996), ranging from 0.3 kg 
Oz/kWh to 2.5 kg Oz/kWh. 
Bin and Smith (1982) reviewed various oxygenator devices, including a jet aerator 
combined with a circulating ditch, which was used to purify communal sewage, delivering 
a maximum OTE of approximately 3.3 kg 02lkWh, with a 70° inclined jet. Bin and Smith 
(1982) also discussed a commercially available water aeration unit currently in operation 
at an installation of DSM at Geleen, Netherlands, with a reported OTE of 2.0 kg Oz/kWh 
for air-waste-water system. The aeration unit comprises a long length of pipe of 1 m 
inside diameter, fitted with multiple orifices of approximately 20 mm; inclined jets issue 
into the effluent pool at an angle of about 45°, with jet lengths of between 0.10 m to 0.30 
m. 
Thus, plunging liquid jets present a competitive alternative to conventional air sparging 
aeration systems due to their ability to deliver a better OTE. It can be concluded that OTE 
is higher at a low jet power and thus a low jet velocity, regardless of its geometry 
employed (i.e. unconfined or confined). A low jet velocity results in a low bubble 
penetration depth, gas hold up and also a low gas entrainment rate. Thus, a set of 
optimum operating conditions may be achieved by taking careful consideration which 
include all aspects, including the economic viability and flexibility of the plunging jet 
system in concern. The OTE values for confined systems are still very scarce due to a 
limited research conducted and thus this thesis attempts to investigate this area further. 
2.9 Surfactants 
As far as the literature is concerned, the effects of surfactants on the hydrodynamics and 
mass transfer characteristics, particularly in confined plunging liquid jets, have rarely 
been investigated. It is therefore vital to investigate this effect in conjunction with the 
current system, to establish a better understanding of the physical phenomenon that occur 
in these flows. This is also essential for the potential employment of the liquid jet as an 
efficient mean of gas-liquid contacting device, particularly in wastewater treatment. 
A surfactant is an agent which is active at a phase interface in a particular environment. 
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The interface can be between solid and liquid, between gas and liquid, or between two 
immiscible liquids. In the present study, only the interface between a gas and a liquid will 
be of interest. The primary characteristic of a surfactant in a solution is that the 
concentration of the surfactant is always higher at the surface than in the bulk of the 
liquid. Generally, the surfactants are long chains molecules which have hydrophobic and 
hydrophilic ends. The hydrophobic group is usually a long chain hydrocarbon residue; the 
hydrophilic group is an ionic or highly polar group. Depending on the nature of the 
hydrophilic group, surfactants are classified as anionic, non-ionic, cationic and 
amphoteric (zwitterionic). These groups arise from the physical properties of their 
respective chemical structures. 
Anionic surfactant molecules, have a surface active portion which bears a negative 
charge, for example, R-COO·Na+ (soap) and R-C6~S03·Na+ (alkylbenzene sulfonate), 
where R represents the long chain hydrocarbon. Non-ionic surfactants are those 
surfactants without apparent ionic charge, e.g. R-COOCH2CHOHCH20H (monoglyceride 
of long chain fatty acid) and R-C6H4(OC2~)xOH (polyoxyethylenated alkylphenol). On 
the other hand, a hydrophilic group of the molecule which has a positive charge is termed 
cationic. R-NH3+Cr (salt of a long chain amine) and R-N(CH3)tcr (quartemary 
anunonium chloride) are examples of this type of surfactant. Last but not least, 
zwitterionic surfactants exhibit the presence of both positive and negative charges at the 
hydrophilic end. They are R-N+H2CH2COO· (long chain amino acid) and R-
N\CH3)2CH2CH2S03· (sulfobetaine). The molecular structures of these surfactants 
suggest that they have unusual properties, leading to both widespread and yet highly 
specialized applications. Hair shampoo, soaps, hand or dish washing liquids, washing 
powders, disinfectants and antiseptic agents are all common examples domestic products 
containing surfactants. Consequently the presence of surfactants in industrial or domestic 
is unavoidable. 
The properties of surfactants can be further classified into two broad categories i.e. 
adsorption and self-assembly. Adsorption is the tendency for a surfactant molecule to 
collect at an interface, as mentioned earlier, while self-assembly is the inclination of 
surfactants towards organizing themselves into extended structures in water as their 
concentration increases. Structures are formed when the hydrophobic ends of the 
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surfactants gather together, generating small aggregates such as micelles, or large layer 
structures (bilayers). The concentration at which the micelles occur is called the critical 
micelle concentration (CMC) which is particular to each type of surfactant. Again, only 
adsorption is of concern in wastewater treatment as the surfactant concentration employed 
is small (much less than the CMC values for each type of surfactant investigated; see 
§3.11.1). 
The other type of surface active agents, or so called co-surfactants, may include alcohols, 
and salts. Alcohols, have properties between the extremes of hydrocarbons and water. 
When the hydrocarbon chain is short, the alcohol is soluble in water e.g. there is no 
solubility limit for methanol (CH30H) and ethanol (CH3CH20H) in water. As the 
hydrocarbon chain becomes longer, the alcohol becomes less soluble in water, e.g. 
heptanol (CH3(CH2)60H) and octanol (CH3(CH2hOH). One end of the alcohol molecules 
has so much non-polar character it is said to be hydrophobic. The other end contains an -
OH group that can form hydrogen bonds to neighbouring water molecules and is therefore 
said to be hydrophilic (very much resembling those of anionic, cationic and non-ionic 
surfactants). Salts, such as sodium chloride or potassium chloride, are however highly 
soluble in water. Upon dissolution, they completely dissociate, giving rise to respective 
ionic groups, which are polar (hydrophilic) and easily attracted to water molecules. 
Therefore, surfactants· or co-surfactants can interact with water molecules in a variety of 
ways, mainly by disrupting the hydrogen bonding network of the water molecules. This 
reduces the cohesive forces among the water molecules and therefore a drop in the surface 
tension is inevitable. The following discussion presents the general trends of the surface 
tension-concentration relationships of the three distinctive groups i.e. the inorganic 
electrolytes (salts), the organic solutes (alcohols, carboxylic acids etc.) and the surfactants 
(see figure 2.15). Their respective trends depend very much on the exact nature of the 
solute-solvent interaction. 
In general, the addition of an inorganic electrolyte to water results in an increase in the 
surface tension of the solution. However, this effect is not dramatic and significant 
changes only take place at relatively high salt concentrations. The increase in the surface 
tension is due to a negative adsorption of the ions at the air-water interface. The hydrogen 
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and hydroxyl ions are strongly attracted toward the bulk solution, causing a depletion of 
ions on the surface. The relative effectiveness of cations at increasing the surface tension 
of water generally follows the Hofmeister series: Li+ > Na+ > K+, and F> cr > Br- > r 
(Hofmeister, 1888). 
In contrast, the presence of an organic solute in water normally results in a monotonic 
decrease in the surface tension of the solution with increasing concentration_ The 
effectiveness in lowering the surface tension depends mainly on the relative miscibility of 
the system (Le. the solubility of the organic solute, which in turns depends on the carbon 
chain length as well as the structure of the molecule) and the tendency of the organic 
material to preferentially adsorb at the air-water interface. For example, liquids such as 
ethanol or acetic acid result in slight decreases in the surface tension of their aqueous 
solutions, while longer chain organics such as butanol can produce more dramatic effects. 
As for surfactants, a sharp decrease in the surface tension of aqueous solutions is observed 
even at very low concentrations. The decrease in surface tension levels off once the 
critical micelle concentration is reached (see figure 2.15). The initial large reduction is 
due to the very strong adsorption of the surfactants at the air-water interface; at 
concentrations higher than the CMC, the surface concentration is more or less constant 
and hence the surface tension does not decrease further. 
electrolytes 
organics 
surfactants 
• 
• 
• 
• 
· 
CMC Concentration 
Figure 2.15 General trends of the surface tension versus concentration curves for added 
components in aqueous systems (Josson et al. 1998) 
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In the present study, adsorption of surfactant molecules at the interfaces has a significant 
effect on bubble coalescence and hence bubble size. Indirectly, the interfacial area of the 
bubble cloud, which determines the efficiency of the plunging liquid jet through the mass 
transfer rate, is also affected. The details of the surface active components employed in 
this study can be found in §3.l1.1. 
There are many literature reports on the effects of surfactants on hydrodynamics and mass 
transfer characteristics in a bubble column, which use conventional gas sparging methods. 
These works are described in §2.9.2. 
2.9.1 Effect on the Mass Transfer Coefficient KLa 
There are two main effects of surfactant on mass transfer rates. First, the interfacial area, 
a, increases with increasing surfactant concentration due to the reduction of coalescence, 
which is obviously beneficial to mass transfer. On the other hand, the mass transfer rate 
across the gas-liquid interface is hindered by the accumulation of surfactant molecules, 
leading to an additional resistance and a reduction in the mass transfer coefficient KL. 
Therefore, the presence of surface active agents has opposing effects on KL and a. In 
aqueous solution, the surfactant molecules tend to arrange themselves on the gas-liquid 
interfaces and causing extra resistance to diffusion; a small amount of surfactant could 
depress KL, while large concentrations exert no further effect. The absolute effect of 
surfactants on KL is also known to depend on the amount of surface aeration. A highly 
turbulent liquid surface would not be much affected, because the relatively short life 
interface would prevent the formation of an adsorbed film. However, it is known that 
even a mono layer of surfactant molecules on the interface can immobilize the surface, 
resulting in the reduction or even elimination of surface motion. Hence the bubble size 
and rise velocity are therefore decreased and the specific interfacial area, a is increased. In 
certain cases, the increase in a exceeds the decrease in KL, giving rise to a higher mass 
transfer rate compared that in pure water, although this is unusual. Therefore, it would be 
of interest to investigate how the presence of surfactants might affect the gas absorption 
performance in the confined plunging liquid jet column. 
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Apart from the above considerations, bubble coalescence also needs to be taken into 
account. The mechanism of the bubble coalescence can be summarized in the following 
two consecutive steps: 
(i) The drainage of the liquid between the gap of the surfaces of two approaching 
bubbles takes place until a particular minimum film thickness is reached. 
(ii) This is followed by rupture of the film and the bubbles coalesce, producing a new 
bubble. 
The coalescence rate of two approaching bubbles depends on the drainage rate of the 
liquid phase between the bubbles and on the thickness as well as the strength of the 
remaining film (Harkins, 1957). In a pure liquid the interfaces are free to move along the 
liquid in the film and the rate of thinning is therefore controlled only by the inertia of the 
liquid pushed away by the film. When surfactants are present, they accumulate at the 
interface, providing an extra resistance to the motion of the liquid film between the two 
approaching bubbles. However, in the presence of mass transfer, motion at the interface 
may be enhanced through the action of local surface tension gradients caused by small 
differences in concentration along the interface. This enhancement of surface motion, 
often called the Marangoni effect. Thus bubble coalescence in the presence of surfactants 
is therefore rather different and more complicated than that in pure water. In addition, the 
gas-liquid interface i.e. the bubble surface will be polarized (electrically charged), 
producing repulsive forces between bubbles which further inhibit coalescence (Marucci, 
1969 & Keital et al., 1982). The stability of the layer of surfactant molecules at the 
interface depends on its type, concentration and structure. 
In the context of wastewater treatment, the transfer rate in waste water relative to tap 
water, with a particular aeration device, may be characterized by a dimensionless 
coefficient ex, which is defined as: 
a = (KLa)wastewater 
(KLa)tapwater 
(2.50) 
where (KLa)wastewater, (KLa)tap water are the overall liquid volumetric mass transfer 
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coefficients evaluated in the waste water and in the normal tap water, respectively. 
Generally, under laminar (quiescent) conditions, there may be little effect of surfactants 
on a since the resistance from bulk diffusion may exceed the combined interfacial 
resistances. For moderately turbulent conditions, a significant reduction in a can occur, 
since the interfacial resistance due to the adsorbed surfactant molecules controls the mass 
transfer rate. At high degrees of turbulence the value of a may increase due to the high 
surface renewal rates, which prevent adsorption equilibrium at the interface. Values of a 
greater than unity may result from high turbulence levels due to an increased interfacial 
surface area; the reduction in the diffusion rate is more than compensated by the increase 
in the interfacial surface area due to the smaller bubbles (Gloyna and Eckenfelder, 1968). 
The type of aeration device employed is noted to have a profound effect on the avalue. 
Table 2.4 (extracted from Eckenfelder, 1956) shows the variation of avalues for different 
aeration devices. 
Generally, the avalues for the fine-bubble diffuser systems are generally lower than that 
of coarse-bubble or surface aeration systems. There is stilI a lack of published literature 
regarding the a values evaluated from confined plunging jets system and therefore 
essential to carry out experiments in order to investigate the effects of surfactants on the 
mass transfer performance of these systems. 
Another factor that affects the oxygen transfer is the P factor, which accounts for the 
effect of wastewater constituents on the oxygen saturation concentration, C'. The P factor 
is introduced as a ratio of saturation in wastewater to tap water, Le.: 
P = (C' La,,, WO," 
(c* lap water (2.51) 
The oxygen saturation value is a function of both the oxygen gas phase concentration and 
the Henry's constant. The Henry's law constant, HL , increases with increasing temperature 
and dissolved solid concentrations, which causes a reduction in the oxygen saturation 
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value. It has been found that the major impact on wastewater saturation value is the 
inorganic dissolved solids (APHA et al., 1995). For municipal wastewater at total 
dissolved solids (TDS) < 1500 mgIL, P is commonly as 0.99. For industrial wastewater . 
such as pharmaceutical waste at a TDS of 10 000 mgIL, pwill be as low as 0.94 (Mueller 
et al., 2002). 
Fine bubble diffuser 0.40-0.60 
Brush 0.80 
Coarse bubble diffuser, sparger 0.70-0.80 
Coarse bubble diffuser, wide band 0.65-0.75 
Coarse bubble diffuser, sparger 0.55 
Static aerator 0.60-0.95 
Static aerator 1.00-1.10 
Surface aerators 0.60-1.20 
Turbine aerators 0.60-1.20 
Tap water containing detergent 
Domestic wastewater 
Domestic wastewater 
Tap water with detergent 
Activated sludge contact tank 
Activated sludge treating high strength 
industrial waste 
Tap water with detergent 
a tends to increase with increasing 
power (tap water containing detergent 
and small amounts of activated sludge 
a tends to increase with increasing 
power, 25,50,190 gal tanks (tap water 
containing detergent) 
Table 2.4 Values of afor different aeration devices (Eckenfelder, 1956) 
2.9.2 Review on Specific Contaminated Aqueous Systems 
This section discusses the effects of various specific surfactant, alcohols/organic acids and 
salt/electrolytes aqueous systems, on both the hydrodynamics and mass transfer 
characteristics, mainly in bubble columns, which make use of conventional air-sparging 
systems. Only a few published results are available for surfactants effects in confined 
plunging liquid jet systems. The type of contaminants, their ranges of concentrations and 
the aeration devices employed by each author are given in table 2.5. 
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2.9.2.1 Surfactant containing Aqueous Systems 
In the presence of a surfactant, the bubble size appears to be smaller, due to lower bubble 
coalescence rate. Hence the specific interfacial area a increases (Mancy et al., 1960; Tojo 
and Miyanami, 1982; Bischof et al., 1993; Wagner et al., 1996; Alvarez et al., 2000). 
Bischof et al. (1993) found that the specific interfacial area in pure water system was 
initially increased with increasing air flowrate but further increases resulted in a reduction 
of the specific interfacial area, due to the increasing bubble number per unit volume and 
the occurrence of coalescence. They found that the presence of the non-ionic surfactant 
Rewomid increased the specific interfacial area with increasing air flowrate. The increase 
in a was due to the reduced coalescence probability in the presence of the surfactant. The 
same effect was observed in the presence of the anionic surfactant Marlophor, but to a 
much stronger extent. This could be caused by the repulsion of the negatively charged 
boundary between the liquid and the gas bubbles. They concluded that the anionic 
surfactant was able to reduce the probability of bubble coalescence more than the non-
ionic surfactant. Wagner et al. (1996) also found that the anionic surfactants could 
generate higher values of a (up to 200%) than non-ionic surfactant. 
For the effect of the surfactants on mass transfer characteristics, Mancy et al. (1960) 
found that the addition of a small amount of surface active agent reduces the mass transfer 
coefficient to a minimum value, which generally occurs at a surfactant concentration 
corresponding to the CMC. Then, the KL remains almost constant beyond the CMC (see 
figure 2.16). The overall mass transfer coefficient, KLa, may increase for increasing levels 
of surfactant above the CMC due to the formation of a greater exposed bubble area for 
transfer (smaller bubbles). 
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Authors . ..... .. .... . =~nta!Djnallts studied; concentration range •• Aeration device ...... 
...... 
. -: ......... 
. . . ... .. -~. . .. ......... .... ..... . •• . ... . . .. 
Marrucci & Nicodemo (1967) KCI, KOH, KN03, KI, K2SO., CuSO., K3PO., AICI3, Co(N03h;(0 - 0.7 mol/l) Gas distributor 
(circular bronze porous plate) 
Zieminski & Whittemore (1971) NaCl, NaBr, Nat, Na2S0., Na3PO., LiCI, MgC12, MgSO., CaCI2, AICh, Porous Aloxite plate air disperser 
AI2(SO.h; (0.03 - 0.23 molll) 
Keitel & Onken (1982) (1) NaOH, NaCI, Na2S0., AI,(SO.)3; (0.01 -1 molll) Porous glass plate 
(2) Methanol, ethanol, nfrop3QPl, n-butanol, n-pentanol, n-hexanol, n-
heptanol, n-octanol; (10- _100 mol/l) 
Tojo & Miyanami (1982) Sodium dodecylbenzenesulfonate (anionic surfactant); (1.5 - 5 ppm) Downflow jet mixer (a circular 
nozzle) 
Koide et al. (1976, 1985) n-hexanol, n-heptanol, n-octanol; (15 - 150 ppm) Gas distributor (perforated plate with 
holes oriented in triangular pitches) 
Prince & Blanch (1990) MgSO., MgCI" CaCI2, Na2S0., LiCI, NaCl, NaBr, KCI, KOH, K2SO., CuSO., -
KN03, KI; 0.04-0.6 mol/l 
lamialahmadi & Muller- Methanol, ethanol, propanol; (0 -0.4 mole fraction) Gas distributor plate 
Steinhagen H. (1992) 
Bischof et al. (1993) Marlophor (anionic), Rewomid (non-ionic); (2.5 -10 ppm) Microporous membranes 
Zahradnik et al. (1995) NaCI, KCI, KI, NaSCN, NaOH, CaCI2, Na2S0., MgSO.; (0.01 -0.5 mol/l) Gas distributor plate 
Waguer et al. (1996) Anionic, non-ionic surfactants; (0 - 7.5 glm') Fine bubble diffuser 
Fakeeha et al. (1999) A low foam surfactant; (0.037 - 0.074 wt%) Plunging jet loop system with a 
perforated down corner 
Alvarez et al. (2000) Sodium lauryl sulphate (anionic surfactant); (0 - 0.005 mass%) Gas distributor (porous plate) 
J amialahmadi et al. (2001) Methanol, ethanol, propanol, iso-propanol; (5 wt%) Orifice plate 
Table 2.5 A summary of the contaminants, their concentration range and the aeration devices employed by various author. 
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CMC 
I 
- - - - - - - - - - - - KL 
Surfactant concentration 
Figure 2.16 The effect of surfactant concentration on KLa and KL (Mancy et al., 1960) 
Tojo and Miyanami (1982) found that the oxygen transfer coefficient was reduced to 50% 
of that obtained for pure water, with the addition of 5 ppm of anionic surfactant (similar 
result was also reported by Eckenfelder (1956». They concluded that the decreased 
oxygen transfer rate is mainly due to the decrease in circulation flow on the bubble 
surface, even though the overall interfacial area may increase with increasing surfactant 
concentration due to the decrease in the bubble size. Bischof et al. (1993) observed that 
the presence of non-ionic surfactant Rewomid causes a tremendous decrease in the mass 
transfer rate for an increase in concentration from 2.5 ppm to 5 ppm. However, the 
differences in avalues are less marked at higher surfactant concentrations, since the mass 
transfer process is controlled by the accumulation of the surfactant molecules at the 
bubble surface rather than the increase in the interfacial area. 
Fakeeha et al. (1999) found that KLa increased with increasing surfactant concentration at 
constant jet flowrate. Surfactants are known to reduce the surface tension, and so this 
increase in KLa was believed to be a result of the increase in interfacial area. However, 
their results are in contrast with Tojo and Miyanami (1982) and Wagner et al. (1996), 
although different geometries of plunging jet were employed. Further investigations are 
necessary to determine the exact effects of surface tension and to resolve this discrepancy. 
Recently, Alvarez et al. (2000) found that kLa decreased with increasing sodium lauryl 
sulphate concentration, i.e. as the surface tension was decreased, similar to the findings of 
Tojo and Miyanami (1982) and Wagner et al. (1996). Based on their experimental data, 
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they noticed that the dependence of kLa on the surface tension obeys a power law, with an 
exponent of 0.75. 
2.9.2.2 Alcohol containing Aqueous Systems 
The addition of alcohols results in a decrease of the bubble size, with a stronger effect 
with increasing concentration or carbon chain length (Koide et al., 1976, 1985; Keital & 
Onken, 1982; Jamialahmadi et aI., 1992). Hence values of a in aqueous alcohol solutions 
were larger than those in water, under similar experimental operating conditions. 
However with higher concentrations, this decreasing trend started to level off (Koide et 
al., 1976; J amialahmadi et al., 1992). These authors found that the rise velocities of single 
bubbles in the alcohol aqueous solutions were slightly smaller than those in pure water 
(due to the decrease in bubble size). 
Consequently, the gas hold up was found to increase with increasing concentration and 
carbon chain length of the alcohol, which was attributed to the hindrance of the bubble 
coalescence (Keital and Onken, 1982; Koide et al., 1985; Jarnialahmadi et al., 1992). As 
was found by Jarnialahmadi et al. (1992), the effect of alcohols on gas hold up with 
increasing molecular weight is: t'(; propanol > t'(; ethanol > t'(; methanol > t'(; water' Koide et al. 
(1985) evaluated the effect of the concentration of alcohol in terms of Bd eo. i.e. the ratio 
of t'(; in aqueous solution to that in water. BdEowas observed to increase at lower 
concentrations in an aqueous solution of alcohol with longer carbon chain length. 
Koide et al. (1976) observed that the liquid phase mass transfer coefficient kL decreases 
with increasing either alcohol concentration or carbon chain length. However, the rate of 
decrease of h became smaller if the carbon chain length, or the concentration, was further 
increased. They observed a more drastic decrease of kL with increasing alcohol 
concentration in aqueous solutions with longer carbon chain length. The decrease in kL is 
the direct result of the extra interface resistance, created by the surfactant absorbed at the 
bubble surface, which hindered the surface liquid flow (similar to the findings of 
Jamialahmadi et aI., 1992). 
The organic solutes dissolved in water act like hydrophobic substances and are likely to 
be rejected from the solution bulk to the interface. The tendency for accumulation at the 
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interface increases as the carbon chain length increases and the polarity of the solute 
molecules decreases. Thus, the extent of this adsorption is controlled mainly by the 
polarity and asymmetry of the solute molecule (Jamialahmadi et al., 1992). 
2.9.2.3 Salt/electrolytes containing Aqueous Systems 
Generally, it was found that the bubble size, db, decreases monotonically with increasing 
electrolyte concentration. The addition of the electrolytes impedes bubble coalescence; 
thus smaller size bubbles are formed, resulting in higher interfacial area. The efficiency of 
the various electrolytes in hindering the coalescence increases from the univalent to 
polyvalent electrolytes (Marrucci & Nicodemo, 1967; Zierninski & Whittemore, 1971; 
Keital & Onken, 1982). For example, (db)NaOH(aq) > (db)NaCI(aq) > (db)Na,So.(aqj > 
(db)AI,(So.),(aqj (Keital & Onken, 1982). 
Zierninski & Whittemore (1971) found that the smaller the ionic size, the more effective it 
is, in preventing the bubbles from coalescing. They concluded that both the electrical 
charges and the mechanism of the ion-water interaction are the key factors in affecting the 
bubble coalescence, and this phenomenon is not entirely due to the electrical repulsive 
forces, as suggested by Marucci & Nicodemo (1967). 
Prince & Blanch (1990) examined the amount of salt required to immobilize the gas-
liquid surface of the two film between coalescing bubbles. The range of concentration 
investigated by them is much higher than in the present study (see §6.5). Table 2.6 shows 
the transition salt concentration of the two salts, as determined experimentally and the 
corresponding bubble size: 
Salt Bubble diameter Experimental transition salt concentration 
(cm) (moll!) (ppm)by mass 
NaCI 0.36 0.175 10227 
KCI 0.36 0.230 17149 
KCI 0.41 0.210 15658 
• From MarruCCl and Nlcodemo (1967) 
.. From Lessard and Zierninski (1971) 
Table 2.6 Experimental bubble coalescence inhibition concentration of salt (Prince & 
Blanch, 1990) 
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It must be noted that the ranges of salt concentrations studied by Marrucci & Nicodemo 
(1967), Zieminski & Whittemore (1971) and Keital & Onken (1982) were all within the 
bubble coalescence inhibition concentrations. The inhibition of bubble coalescence takes 
place in the presence of a large quantity of salt (as was investigated by Prince & Blanch, 
1990). 
From all the papers presented and discussed in the preceding subsections, it can be 
concluded that surfactants, alcohols and salts/electrolytes play a major role in affecting the 
hydrodynamics properties (i.e. the bubble size, the penetration depth and the mean gas 
hold up), the liquid volumetric mass transfer coefficient ha, and hence the a values, in a 
two-phase dispersion system. However, the effect of surfactants on kLa, in particular, 
cannot be easily defined. Typically the liquid mass transfer coefficient kL decreases and 
interfacial area a increases in the presence of a surfactant. Thus, the overall liquid 
volumetric mass transfer coefficient KLa for a surfactant containing aqueous system, 
could either increase or decrease, depending on whether the effect on KL or a is dominant. 
It has also been found that the extent of changes in both kL and a, depends very much on 
the type of surfactant, on its chemical nature and concentration, and also on the size of the 
bubbles. Moreover, the rate of mass transfer process is also governed by the physical 
properties of the liquid system and various experimental conditions employed. 
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CHAPTER 3 
PLUNGING LIQUID JET - EXPERIMENTAL REPORT 
3.1 Introduction 
Chapter 3 discusses the experimental apparatus and methods employed in this work to 
obtain the minimum entrainment velocity Ve. the penetration depth Hp and the mean gas 
hold up l'G, the jet surface roughness, the gas entrainment rate QG, the liquid residence 
time distribution and finally the mass transfer characteristics. The chapter is divided into 
two main sections, the first section describes the experimental apparatus and methods 
used for air-tap water system and the second section is for air-aqueous systems containing 
a variety of surfactants. 
Section 1 Air-Tap Water System 
3.2 Experimental Rig 
Figure 3.1 shows a schematic diagram of the experimental rig. Experimental 
investigations were conducted in a reservoir tank made of perspex (2.00 m in height, 0.38 
m in depth and 0.77 m in width), with a capacity of about 0.585 m3• This large amount of 
water was essential to minimize the effect of the rising water temperature due to the 
energy input of pumping. 
Six nozzles made of brass, with inside diameters ranging from 4.97 mm to 15.23 mm 
were employed in this study. The nozzle sizes were similar to those used by previous 
workers (Ohkawa et al., 1986a; Funatsu et al., 1988b; Bin, 1988 and Bonetto and Lahey, 
1993). Each nozzle was screwed into a threaded hole at the base of a plenum chamber, 
which was mounted above the reservoir, and could be exchanged when investigating 
different nozzle diameters. Every nozzle was designed to have an identical entry 
condition. 
McCarthy and Molloy (1974) found that the wall shear stress and static pressure gradient 
were fully developed for nozzle aspect ratios LNIDN 2: IS, as discussed in §2.4.1. Thus a 
ratio of the length to inside diameter of the nozzle, Lt/DN of about 15 was chosen. The 
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details of the nozzle design and its dimensions, are shown in figure 3.2 and table 3.1, 
respectively. The full specification of the nozzle geometries are included in table A2.1, 
Appendix 11. 
Plenum chamber 
Downflow 
bubble -I--+e 
column 
Column 
supports 
To 
drain 
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Plastic tube 
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Tap water 
Flow meter 
board 
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By-pass 
valve 
Mono pump 
Pressure 
relief 
valve 
Rotameters 
R2 
Pressure 
transducer 
To 
drain 
Digital 
multimeter 
Figure 3.1 Experimental rig (for clarity only one flexible tube connecting a 
manometer tube to its tapping point on the confined column is shown). 
Two perspex confined columns (downcomers) with inside diameters of 0.075 and 0.10 m, 
were employed. The confined column was positioned vertically in the tank with the use of 
a spirit level. The plunging jet was observed to be perpendicular and concentric to the 
surface of the confined receiving pools. A metre ruler was glued onto the outer surface of 
each confined column and was used to measure the height of the water level in the 
reservoir, as well as the bubble cloud dispersion depth within the confined column. Both 
the reservoir tank and confined column were open to atmosphere. 
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There were 10 pressure tappings made from stainless steel tubes inserted along the length 
of the downcomer, 0.15 m apart (for downcomer size, Dc of 0.10 m only). The pressure 
tappings were made flush the inside surface of the confined column to avoid any 
disturbance of the flow. Each pressure tapping was connected with a plastic tube to a 
glass tube (1.5 m long) attached onto a manometer board, which was supported vertically 
inside the tanIe These manometers measured the pressure profile (and hence the local gas 
holdup) along the downcomer. 
A mono pump (a positive displacement pump) was used to pump the water from the 
bottom of the reservoir tank to the plenum chamber and then through the jet nozzle into 
the confined receiving pool. A by-pass line allowed control of the liquid volumetric 
flowrate from the mono pump to the jet nozzle. The mono pump produced a maximum 
pressure of 7 bar and the plenum chamber was pressure tested to 15 bar. For safety 
purpose, a 10 bar pressure relief valve was installed as part of pipeline network. An 
orifice plate flowmeter was made and inserted between the mono pump outlet and the 
plenum chamber. The pressure drop across the orifice plate was recorded by a differential 
pressure transducer (SE21N Pressure Transducer, Thorn EMI, Datatech), in terms of 
voltage output. The detail design of the flowmeter and its calibration are given in 
Appendix I, §Al.l, figure Al.l to A1.2. Besides, two rotameters, RI and R2, were also 
used, particularly for measuring the minimum entrainment velocity, or when the 
voltmeter readings fluctuated rapidly. RI and R2 have a scale of 1 to 10 I1min and 4 to 40 
I1min respectively (see Appendix I, §A1.2, for calibration). 
;;;No. mside diameter of nozzle, Length of nozzle,· . Ndzzle aspect ratio, .. 
I··;·· .: ... DN(mm) . .;;; ... :LN(mm) ; .. ; LNIDN ... 
1 4.97 74.68 15.02 
2 5.97 90.07 15.10 
3 8.02 120.87 15.07 
4 10.37 150.80 14.54 
5 12.23 182.07 14.89 
6 15.23 233.26 15.32 
Table 3.1 Dimensions of the nozzles employed. 
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Figure 3.2 Nozzle design 
3.3 Experimental Conditions 
The experimental conditions for investigating the hydrodynamics and mass transfer 
properties were carefully chosen. Four major independent variables affecting the 
characteristics of the two-phase flow within the confined column were identified: 
(a) Jet length to nozzle diameter ratio, L/DN 
(b) Nozzle diameter, DN 
(c) Reynolds number ReN, i.e. defined using the jet velocity at the nozzle exit, VN = 
4Qd7tD/ 
(d) Column diameter, Dc 
The range of the experimental variables investigated are listed in table 3.2. An extensive 
range of experimental investigations were conducted with the aim to quantify each effect 
of the variable on both the hydrodynamics and mass transfer characteristics of the 
plunging liquid jet system. For the smallest diameter (DN = 0.00497 m) and therefore 
shortest nozzle, due to the design of the rig plus the liquid levels in the confined column 
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especially for small L/DN ratios were difficult to locate. Furthermore, the level of noise in 
the pipeline was increasingly high as the flowrate was increased. Therefore, only results 
of the other 5 nozzles were collected. 
Jet length to nozzle size ratio, L/DN 1,5, 10, 15,20,25,30 and 35 
Nozzle diameter, DN(mm) 4.97,5.97,8.02,10.37,12.23 and 15.23 
Reynolds number, ReN 
Column diameter, Dc (m) 
26030,36812,45086,58206,68870,78091 
(The above range was shared by all 
combinations of nozzles and jet lengths) 
Additional range: 52061, 63761, 73625 
0.075 and 0.10 
Table 3.2 Range of experimental variables investigated. 
3.4 Minimum Entrainment Velocity 
The minimum entrainment velocity was determined for all five nozzles over the full range 
of jet length to nozzle diameter ratio, as indicated in table 3.2. The minimum entrainment 
velocity was only measured in a confined plunging jet system, with Dc = 0.10 m. 
At very low flowrates, the voltmeter readings were found to be insensitive to the small 
changes in flowrates and thus the rotameters were used. Furthermore, the onset of 
entrainment was observed to be increasingly difficult to identify as the jet length 
increased. This was probably due the growing instabilities on the surface of the water jet, 
as it approached the receiving pool. Thus, the experiment was not further conducted once 
this stage was reached. Neither the jet break up length nor the droplet entrainment 
phenomenon was investigated; the present study was only aimed at the onset of the gas 
entrainment rate by a continuous jet. Also, it is noted that for all L/DN used here, no jet 
breakup was observed. 
3.4.1 Experimental Methods 
Initially the reservoir was filled with tap water to a level determined by the required jet 
length for each chosen nozzle size. The pump was then switched on and the liquid 
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flowrate was increased until a smooth, coherent and continuous jet was obtained. The 
flowrate was further increased until the first bubbles started to appear in the confined 
receiving pool. The corresponding flowrate on rotameter RI was then read and recorded. 
Sometimes, the jet was observed to entrain air intermittently, resulting in difficulty in 
identifying the initial onset of the entrainment. Consequently, every measurement of the 
minimum entrainment velocity was repeated at least twice to ensure its reproducibility. 
Throughout all the experiments, the by-pass valve remained fully open. The minimum 
entrainment velocity was evaluated at both the nozzle exit, (Ve)N, and the plunging point 
(Ve)P. 
The above procedure was repeated for all combinations of jet length and nozzle size. 
3.5 Penetration Depth and Gas Hold up 
The effects of all four experimental variables on both the penetration depth and gas hold 
up were examined. For every combination of nozzle diameter and jet length, a maximum 
liquid volumetric flowrate at which the operation was still possible, was first investigated 
and recorded. This maximum flowrate corresponds to a condition where bubbles started 
to escape from the bottom of the confined column. 
For each nozzle size and value of L/DN' measurements were obtained for the same range 
of Reynolds number ReN stated in table 3.2, where 
(3.1) 
3.5.1 Experimental Methods 
The experimental procedures for measuring the penetration depth and its corresponding 
gas hold up are summarized below: 
1. A confined column size and a nozzle size were chosen. 
2. A jet length was chosen, based on the L/DN from table 3.2. 
3. A Reynolds number was chosen, the corresponding liquid volumetric flowrate 
was then identified (as calculated from eq. 3.1). 
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4. With each jet velocity and jet length kept constant, the following measurements 
were made: 
(i) the depth of the gas dispersion, Hp (or Ho-h) where h) = ho + Lj 
(ii) the pressure profile from the manometer tubes (needed for evaluating the 
local gas hold up) 
(iii) the water level at the reservoir tank, hz. 
(the liquid heights, Ho, Hp, ho, h) and hz, are defined in figure 4.1, §4.2.1) 
As the jet flowrate was varied, the jet length was kept constant by adjusting the water 
level inside the confined column either by adding more water, or by draining it off; at 
each set of experimental conditions. 
5. For the next jet length, steps 3 to 4 were repeated, with respect to the same range 
of nozzle exit Reynolds numbers. 
6. The next nozzle diameter was chosen and the procedures from steps 2 to 5 were 
repeated, with the measurements made at a variety of jet lengths and jet velocities, 
corresponding to the L/DN and ReN values of table 3.2. 
The above procedures were also followed for the experiments on a different size 
downcomer. A range of additional flowrates (as in table 3.2) was also investigated, to 
collect more data, when the smaller downcomer (Dc = 0.075 m) was in use. This was due 
to the tendency of the bubbles to escape at lower Reynolds numbers in the smaller 
downcomer. 
For comparison purposes, the gas hold up was estimated from two methods, momentum 
balance and manometric methods, as described later in §4.2. The estimation of gas hold 
up from manometers was found to be extremely difficult especially at high jet velocities, 
where the water levels in the manometer glass tubes were very unstable. This imposed 
great errors in the readings taken. However, an effort was still made to collect the results 
by taking an average of several readings for each manometer. 
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3.6 Bubble Size and Flow Pattern Determination 
Bubble size is an important variable as it affects the available gas-liquid interfacial area 
for mass transfer. In general, the smaller the bubble size, the higher the interfacial area 
and thus the better the mass transfer. Although, the present work attempted to carry out 
bubble size measurements, the results obtained were inaccurate due to difficulties that are 
associated with the nature of the bubble cloud, as well as the experimental methods 
employed (as discussed in §5.5). 
3.6.1 Experimental Apparatus and Methods 
Attempts were made to measure approximately the bubble size in the confined column 
over the whole range of experimental conditions investigated. A metre ruler was fastened 
just outside the confined column, perpendicular to the camera viewfinder and extra 
lighting was provided by two 200W light bulbs. The number of pictures taken for an 
experimental setting depended on the depth of bubble dispersion. Thus, at low Reynolds 
number, only one picture was taken; however for high Reynolds number, in order to 
maintain the same viewing frame, several pictures on each section of the deep penetration 
depth were taken accordingly. This was done in an attempt to gather results for the 
variation of bubble size along the confined column, with the change of Reynolds number, 
jet length and nozzle size. Pictures of the bubble cloud were first taken by using a manual 
camera (NIKON F2). The shutter speed was set to 11250 s for the bubble cloud at low 
Reynolds numbers. For a fast moving bubble cloud (Le. high Reynolds numbers), the 
shutter was reset to 11500 s. Later, the same procedure was repeated with the use of a 
digital camera. 
The flow pattern of the bubble cloud within the confined column was experimentally 
observed and is described qualitatively in §5.5. 
3.7 Jet Surface Roughness 
Jet surface roughness has been known to be one of the major variables affecting the gas 
entrainment rate. The jet surface shape was previously studied by many workers 
(McCarthy et al., 1970; Ervine et aI., 1980; Kusabiraki et al., 1990 & 1992; Yamagiwa et 
al., 2000). Therefore, one of the aims of the present study is to characterize the jet surface 
roughness and then estimate the gas entrainment rate based on the jet profile. The section 
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below describes the experimental apparatus and methods employed to quantify the 
roughness of the liquid jet. The analysis methods are described separately in §4.3. 
3.7.1 Experimental Apparatus and Methods 
A digital camera (Olympus Camedia, C2000Z00M) was used to photograph the liquid 
jet shape and to characterise the jet surface roughness as a function of distance from the 
nozzle. The camera was set to high resolution to record images of 1600 x 1200 pixels. For 
all the pictures taken, the shutter speed priority mode was set at an exposure of 11800 s; 
the matching apertures were either f2.5 or f2.8. Fill-in flash mode was chosen, triggered 
automatically by the camera. The photos were taken under ambient light, with the help of 
extra two 200W light bulbs, shining at about 45° onto the liquid jet. A large white sheet 
of paper was placed vertically behind the liquid jet as a background. A metre ruler was 
secured next to the falling liquid jet, to measure the jet length. Figure 3.3 shows a top 
view of the arrangement of apparatus for taking the pictures of the liquid jets. 
Figure 3.3 
Digital 
camera 
a Nozzle/Liquidjet 
" 1 " -----------~~~---~~:~~~, ~,--"'--"'--,,~"" 
"--1 ruler 
Light bulb 
~ 
White 
screen 
Apparatus arrangement for taking liquid jet pictures. 
The picture data stored in the SmartMedia were then directly transferred to the computer. 
The images were first processed by Microsoft Photo Editor and then using image analysis 
software by Scion Image. A Fortran programme was devised to convert the images of 
upper and lower surface length into corresponding (x, y) coordinates. The surface length 
of both upper and lower edges of the liquid jet could then be evaluated. Below is a brief 
description of the procedures. 
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(l) Microsoft Photo Editor 
• Conversion of coloured picture to 8-bit grayscale 
• Autobalance to enhance contrast and brightness 
An example of the picture is shown in the figure 3.4. 
Figure 3.4 Liquid jet produced from a nozzle inside diameter, DN = 0.01523 m at 
Reynolds number, ReN = 78091. 
(ll) Image Analysis by Scion Image 
• Distance calibration 
• Contrast enhancement. 
• Threshold and conversion to black and white binary 
• Filtering to remove noise 
• Edge detection 
An example of the final image of the liquid jet is shown in figure 3.5 below. 
Figure 3.5 Edges of the liquid jet produced from a nozzle inside diameter, DN = 
0.01523 m at Reynolds number, ReN = 78091 (the same jet operating 
conditions as in figure 3.4) 
• Digitisation to obtain (x, y) points 
Finally, these results were exported to Excel and were further processed using a macro 
based on the following algorithm: 
(i) The approximate locus of the jet centreline was located. 
(ii) Then, a straight line was fitted to the jet centreline. 
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(iii) Rotation and translation were performed to obtain a jet origin at (0,0) and a 
horizontal centreline. 
(iv) Following that, the data were separated into upper and lower edges. 
(v) The corresponding upper and lower points were reconnected. 
(vi) Finally, the length of the upper and lower edges was calculated and the 
average surface length La was evaluated. 
3.8 Gas Entrainment Rate Experiments 
The experimental studies on the gas entrainment rate were conducted in an unconfined 
system and also in both confined systems (Dc = 0.075 and 0.10 m). The experimental 
apparatus employed for the confined systems can be seen in figure 3.6. For the 
unconfined system, the apparatus and the measurement technique used are similar, but 
without the downcomer column. 
3.B.1 Experimental Apparatus 
Gas entrainment rates in two confined plunging jet bubble columns, with diameters of 
0.075m and 0.10 m were measured using a soap film meter under identical range of 
experimental conditions. The soap film meter is cylindrical in shape, made of perspex and 
supported vertically. It has an inner diameter of 7 cm, with a height of about 120 cm. 
These dimensions of the meter were calculated by estimating the highest gas flowrate 
achievable within the present experimental conditions. Both the orifice flowmeter and the 
rotameter were used to measure the liquid volumetric flowrates for all nozzles. 
As can be seen from figure 3.6, a flexible rubber tube with dt = 1 cm, led from the top of 
the meter, via a beaker to the measuring column. The purpose of the beaker was to collect 
any soap bubbles which managed to escape from the top of the meter into the tubing, and 
to prevent them from entering the confined column. Detergent (washing up liquid) was 
used to fill up the syringe and was then injected into the bottom of the meter to generate 
the soap films (see figure 3.6). 
A scale of 100 cm glued to the outer surface of the meter allowed the velocity 
measurements for the rising soap films to be made through the time taken travelled over a 
known distance. The time was measured using a stop watch. 
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Figure 3.6 Experimental apparatus for measurement of the gas entrainment rate 
The measuring column surrounding the liquid jet consisted of two parts, a cylindrical base 
and a cylindrical connection which extended to the liquid surface. Both parts were made 
of perspex and had the same inside diameter, de = 4.5 cm. Various lengths of the 
cylindrical connection were used, according to the chosen jet length to nozzle diameter 
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ratio L/DN for each nozzle size. The cylindrical connection was joined to the cylindrical 
base by a rubber hose and jubilee clips. 
3.8.2 Experimental Methods 
Gas entrainment rate measurements were carried out over the range of the experimental 
conditions given earlier in the table 3.2, but with L/DN of 12, 25 and 35 only. 
Prior to commencing the experiment, a suitable length of cylindrical connection (see 
figure 3.6) was joined to its base. The inner wall of the soap film meter was wetted either 
with water or with soapy water to ensure a smooth rise of the soap films up the meter. 
The liquid level in the confined column was altered to the corresponding jet length with 
about 1 cm immersion of the measuring column beneath the liquid surface, forming a 
seal. The measuring column diameter was chosen so that no gas disentrainment occurred 
within it, yet it had negligible effect on the liquid velocities near the top surface. Thus all 
of the entrained gas is fed through the measuring column. In operation, the entrained gas 
flowrate was measured using the soap film meter. Each gas entrainment rate measurement 
at a particular set of jet operating conditions was repeated to ensure its consistency and 
reproducibility. 
The liquid within the measuring cylindrical column was found to rise up to a certain level, 
depending on the jet operating conditions. This was due to the pressure difference 
between the headspace in the measuring cylindrical column and the surroundings. In 
order to minimize this undesired effect, the tube, connecting the measuring cylindrical 
column and the meter, was chosen to have a large diameter (lcm). 
As mentioned earlier, the chosen length of the cylindrical connection at which it would be 
immersed beneath the liquid level within the confined column has been investigated. The 
main concern was to reduce the possibility of disturbing the liquid circulation near the 
plunging point, which could lead to a change in the entrainment behaviour. Preliminary 
experiments were carried out to determine this effect. At particular jet operating 
conditions, it was found that the gas entrainment rate measured for an immersion of 6 cm 
was about 30% higher than that for about 1 cm immersion. This demonstrated that a large 
immersed length has an effect on the entrainment characteristics (see figure 3.7). Further 
investigations were carried out by using 2cm and 3cm immersions respectively, the 
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results obtained were in close agreement with the use of lcm immersion, with 
discrepancies at most ±lO% (see figure 3.8 (a) and (b». Therefore, to lessen these effects 
(under normal circumstances the plunging jet would operate without the presence of the 
measuring cylindrical column), each cylindrical connection corresponding to a particular 
jet length was immersed I cm below the liquid level within the confined column. 
Another concern is that the diameter of the measuring cylindrical column has an effect on 
the entrainment characteristics: too large a diameter might allow some disentrainment to 
occur in the measuring column; too small a diameter might affect the liquid flows near 
the plunging point. Experiments were carried out under identical experimental conditions, 
but using different cylindrical connections with diameters of 3.0 and 4.5 cm. The gas 
entrainment rates obtained for both were found to be rather similar, with about only 13% 
difference on average (see figure 3.7). It was then concluded that the use of a 4.5 cm 
inside diameter cylindrical connection with a I cm immersed end length was to be 
employed throughout all the experiments. A similar measurement method was employed 
by El Harnmoumi (2002); see §2.4.1. 
It should be noted that with increasing liquid volumetric flowrate, the pressure difference 
between the headspace of the measuring cylindrical column and the surroundings also 
increases. This resulted in a highly fluctuating liquid level within the measuring 
cylindrical column, leading to greater errors in determining the required jet length. Thus, 
the gas entrainment rates measured at higher Reynolds numbers, are always associated 
with some discrepancies due to these highly unsteady liquid surface levels. 
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3.9 Residence Time Distribution Study (RTD) 
The liquid mixing patterns within the confined plunging liquid jet system were assessed 
by performing a series of Residence Time Distribution (RTD) studies. The present 
models are adapted from studies by previous researchers i.e. Moppett et al. (1996). 
Essentially, the system consists of three distinctive consecutive sections (see figure 3.9): 
Section (I): The two-phase dispersion or bubble cloud dispersion 
Section (2): The clear liquid section which extends from below the bubble cloud to the 
bottom exit of the confined column 
Section (3): The main reservoir tank 
The liquid mixing characteristics were then determined experimentally by using the salt 
tracer technique. The RTD studies were carried out in an air-tap water system, with Dc = 
0.10 m, at a series of operating conditions as given below: 
(1) At a constant nozzle size DN = 0.01523 m, and a constant jet length to nozzle size 
ratio L/DN = 15, but with varying Reynolds number ReN (flowrates). 
(2) At a constant nozzle size DN = 0.01037 m and a constant Reynolds number ReN = 
68870, but with a set of various jet length to nozzle diameter ratio L/DN (5, 15,25 
and 35). 
(3) At a constant jet length to nozzle ratio L/DN =15, and a constant Reynolds number 
ReN = 68870, but with a range of nozzle sizes. 
The ranges of the corresponding nozzle size, Reynolds number and the jet length to 
nozzle diameter ratio have been given earlier in table 3.2. 
3.9.1 Experimental Apparatus 
In essence, the salt tracer experimental arrangement is the same as that of the mass 
transfer experiments apart from the absence of the add-on loop (see §3.IO.l, for mass 
transfer experimental arrangement). The dissolved oxygen meter was replaced with a 
multichannel conductivity meter and the oxygen probe was replaced by a conductivity 
probe. In characterising the liquid mixing patterns in the confined column, the 
conductivity probe was placed directly beneath the bottom exit of the downcomer (see 
figure 3.9). This conductivity probe was connected to a multichannel conductivity meter 
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(model MCMlOA), designed to measure local conductivity in aqueous solutions. The 
output of the meter was connected to the computer and experimental data acquisition was 
carried out using the HPVEE software. The conductivity probe was first calibrated before 
any measurements of the conductivity of the liquid were made. The calibration is 
essential as it serves as a guideline to estimate the amount of the injected salt solution that 
will give the outputs which fall within the linear region. The calibration curve for the 
conductivity probe can be found in figure AI.3, Appendix I. 
The electrolyte tracer was prepared from sodium chloride NaCI and tap water at a 
concentration of 20g of NaCI per lOOg of tap water. A 60ml syringe and plastic tubing 
were used to inject the salt solution directly onto the surface of the bubble cloud within 
the downcomer (see figure 3.9). The tube was withdrawn after the injection to avoid 
additional N aCI dribbling in at later times. 
3.9.2 Experimental Methods 
After setting the desired operating conditions, the pump was switched on and the system 
was allowed to stabilise. A volume of 35 ml was drawn into the syringe from the 
concentrated salt solution and was injected just below the surface of the bubble cloud in 
the downcomer surface; the probe response was recorded by the computer. The sampling 
period of the experimental data was set to be O.5s and data were collected for about 200 s, 
although the RTD responses took place within 0 - lOO s for the present range of 
experimental conditions. Initially the RTD response was seen to rise almost 
instantaneously to a peak after a time delay and then decreased at a slower rate towards 
zero. The corresponding RTD responses were saved as text files, which were then 
imported to the Microsoft Excel for processing and analysing. 
Upon completing the experiment, water in the reservoir tank was drained totally, the tank 
was then filled up again, followed by switching on the pump for a period of about 5 
minutes. The pump was stopped, water was again drained. This step is essential to ensure 
that the remaining salt within the system was washed away and thus to prevent residual 
salt affecting the responses of the later runs. Each experiment at a particular set of 
operating conditions was repeated twice to check its reproducibility and consistency. 
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Figure 3.9 A simplified tracer experimental apparatus arrangement 
During each set of operating conditions, the corresponding liquid heights within the 
system were obtained; hI> h2, Ho and H3 were measured while Hp, HJ and H2 could be 
calculated (see figure 4.1, §4.2.1). These measurements are needed to estimate the void 
fraction for the evaluation of the residence time of the bubble cloud, the time delay 
associated with the clear liquid section as well as the residence time of the liquid in the 
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reservoir. The experimental RTD response was then compared with the RTD response 
predicted from the proposed models. The derivations of the RTD density function E(t) for 
the proposed models are given in later §4.4. 
3.10 Mass Transfer Experiments 
The following section describes the experimental apparatus and methods employed to 
study the mass transfer characteristics of a vertical plunging liquid jet, issuing into a 
confined column, of a diameter, Dc = 0.10 m. The mass transfer experiments were carried 
out in an air-tap water system, at a series of operating conditions, via three different 
routes, as given below: 
(1) At a constant nozzle size DN = 0.01223 m, and a constant jet length to nozzle size 
ratio L/DN = 15, but with varying Reynolds number ReN (flowrates). 
(2) At a constant nozzle size DN = 0.01223 m and a constant Reynolds number ReN = 
68870, but with a set of various jet length to nozzle diameter ratio L/DN (5, 15,25 
and 35 only). 
(3) At a constant jet length to nozzle ratio L/DN =15, and a constant Reynolds number 
ReN = 68870, but with a range of nozzle size. 
The ranges of the corresponding nozzle size, Reynolds number and the jet length to 
nozzle diameter ratio have been given earlier in table 3.2. The results obtained from these 
studies allow a further understanding on the plunging liquid jet, towards its future 
application as a secondary wastewater treatment device. 
3.10.1 Experimental Apparatus 
The detail of the experimental arrangement for conducting the mass transfer experiments 
is shown in figure 3.10. 
The main measurements for the mass transfer experiments were of the dissolved oxygen 
concentration, using a pair of dissolved oxygen probes, together with a set of temperature 
probes and two corresponding OT4 OxygenfTemperature meters (Walden Precision 
Apparatus, WP A). The oxygen concentration could either be measured in terms of the 
percentage dissolved oxygen O2 (%DO) or in some selectable range of dissolved O2 in 
mgll. One dissolved oxygen probe was located near the suction line of the mono pump. 
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Its corresponding temperature probe was placed adjacent on the pipe line. Ideally, the 
other oxygen probe should be placed just beneath the bottom exit of the downcomer for 
direct measurement. However, due to the dimension of the probe and the design of the 
tank, the tip of the probe was not able to reach the exit end of the downcomer i.e. at point 
I. Hence, a sampling loop was devised to draw some liquid continuously from the bottom 
of the downcomer, through flexible tubing, over the probe membrane and back to the top 
of the tank. The flow was driven by a centrifugal pump. The oxygen concentration at the 
bottom of the downcomer (point 1) could then be measured by the oxygen probe placing 
at a distance close to the bottom downcomer i.e. at point 2 (see figure 3.10). The DO 
readings recorded at this point were corrected once the time delay within these two points 
was known. Its temperature probe was immersed partially into the liquid via the top of the 
tank. Both temperature probes allowed compensation for the membrane and liquid 
temperatures, which affect the diffusion speed and solubility. 
In order to determine the velocity of the liquid in the loop and hence the time delay 
between point 1 and 2, the flow within the loop was calibrated. Throughout all the 
experiments, a minimum flowrate was set which corresponds to a velocity of about hn/s 
in the loop. This velocity is sufficient as the probe is best working at a velocity exceeding 
0.30 m1s. 
The mass transfer coefficient was determined from an unsteady state absorption process. 
Initially in the de-oxygenation process, the nitrogen purging method was used. This 
method was preferred over a more commonly employed method i.e. the addition of the 
sodium sulphite as an oxygen-depleting agent, simply due to the concern over the effect 
that sodium sulphite might have on the interfacial properties and hence the rate of the 
mass transfer during the oxygenation process. The supply rate of the gas nitrogen from a 
cylinder to the headspace of the confined column was controlled by the use of a 
rotameter, which had a scale of 0 to 1200 mllmin. 
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A computer running data acquisition software named HPVEE was used to log the data. 
HPVEE version 5.01 is a powerful and easy-to-use virtual instrumentation tool for 
Windows, allowing the user to develop programs by connecting graphical objects instead 
of writing lines of code. It is optimised for instrument control, measurement processing, 
and test reporting. Prior to operation, it was first configured to suit the current system to 
record the readings of the dissolved oxygen concentrations from both the dissolved 
oxygen meters and other essential experimental variables. A specific version for the data 
logging software has been written to eliminate noise. The method rapidly scans both 
channels at 2kHz for 50% of the sampling period (2 s) and then it averages all the data 
collected for each channel (each channel recorded data from each dissolved oxygen 
meter). 
3.10.2 Dissolved Oxygen Probe 
The dissolved oxygen probe is a Clark-type polargraphic electrode that senses the oxygen 
concentration in water as well as in other aqueous solutions. 
3.10.2.1 Calibration 
During calibration, the probe cap was filled with the electrolyte and screwed onto the tip 
of the electrode. To achieve stable performance, the probes were first allowed to polarize 
for a period of 20 - 30 minutes before the calibration of the electrode was carried out. 
Water-saturated air was used as the calibration medium instead of the air-saturated water. 
This is because under equilibrium conditions, the partial pressure of oxygen in air-
saturated water is equal to that of partial pressure of oxygen in water-saturated air, i.e. air 
at 100% relative humidity. Furthermore, it is more convenient and does not require 
stirring. However, in order to ensure that air is fully saturated with water for accurate 
calibration, the membrane was held at approximately Icm above a clean water sample 
during calibration. The calibration point was then set to 100% DO after the displayed 
readings had stabilized. The meter was now calibrated and oxygen concentration 
measurements of the liquid sample may be made. 
3.10.2.2 Response Time 
The first-order response time of a dissolved oxygen probe is equal to the time taken for 
the probe to reach 63.2% of its final steady state value following a step change. The 
response time for both the electrode probes were thus determined by using a solution 
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prepared with an excess of an oxygen-depleting agent i.e. sodium sulphite. Starting from 
water saturated air, the probes were dipped into the excess sodium sulphite solution and 
the %DO concentration measurements were recorded by the computer simultaneously. It 
was noted that the voltage readings dropped sharply at the beginning and then slowly 
reached its final steady state value which is virtually zero. The response curve took up a 
shape similar to that of an exponential decay function and could be represented by the 
first order response as: 
C(t) = C(O) e-tlTp (3.2) 
Both probes were observed to give similar response time of about 3s. One of the probe 
response curves, is shown as an example in figure 3.11 (the voltage is linearly related to 
the DO concentration). This response lag does not cause an appreciable error in 
determining the true value of the KLa, since it was found that the inverse values of the 
present individual overall liquid volumetric mass transfer coefficient was much larger that 
the probe response time (KLa· t » tp). 
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lime t (8) 
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Figure 3.11 A typical response curve of a dissolved oxygen probe 
100.0 120.0 
The effect of the probe response time on the overall mass transfer coefficient has been 
previously investigated by Moppett et al. (1996). They found that the difference of KLa 
values, evaluated from probes with a response time of IOs and 0.5s respectively, is 
negligibly small (only changes by less than 1%). (The response curves for both dissolved 
oxygen probes employed in the present studies can be seen in figure AlA, Appendix I). 
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However, with known response times, the probe dynamics can easily be incorporated in 
the mass transfer model, as is discussed in §4.6. 
3.10.3 Experimental Methods 
Each mass transfer experiment was started by purging the liquid in the main reservoir 
tank, supplying the headspace of the downcomer with a gas nitrogen at a rate of about 1 
I1min, with the jet operated at the chosen experimental conditions. During the course of 
the experiment, the dissolved oxygen concentrations %DO on both meters were observed 
to decrease exponentially with time. The purging process was stopped once the %DO 
reached a value of about 20% (to reach close to 0 % would have taken 3 to 4 hours, which 
is impractical). At the end of the de-oxygenation process, the supply of the gas nitrogen 
was isolated and the headspace was opened to the atmosphere. 
Before oxygenating the liquid, the headspace in the downcomer was flushed continuously 
with compressed air to remove any remaining gaseous nitrogen. The pump was then 
started and the dissolved oxygen concentrations were recorded simultaneously at a 
sampling period of 2 second throughout the whole course of the experiment. 
The temperature of the liquid in the reservoir was recorded at the beginning and at the end 
of each experiment and an average was calculated which was used to obtain KLa(293) 
(see §4.6.4) The average rise in the temperature of the liquid within the tank over the 
experiment was about 2 to 4 K, due to the heat dissipation from the mono pump. 
The duration of the oxygenation experiment ranged between 1 to 3 hours, depending on 
the volumetric flowrate and the amount of liquid in the reservoir tank. During the 
experiment, various heights of liquids i.e. hI, h2, Ho, HI, H2, H3 and He within the 
downcomer and the reservoir tank were recorded (see figure 4.1, §4.2.1), along with the 
corresponding liquid volumetric flowrate QL, nozzle size DN and the column diameter Dc. 
These measurements were required to calculate the following: 
(i) Penetration depth Hp 
(ii) Bubble void fraction Eo 
(iii) Volume of the water in the reservoir tank 
94 
Chapter 3 Plunging Liquid Jet - Experimental Report 
(iv) Volume of liquid in the clear liquid section 
(v) Volume of liquid within the bubble cloud dispersion 
All the recorded variables were required to calculate the overall mass transfer coefficient 
KLa. The value of KLa obtained at each set of jet operating conditions, allowed the 
evaluation of the corresponding oxygen transfer efficiency (OTE) of the confined 
plunging jet (see §4.6.3). Once the operation reached the saturation, the pump was 
switched off and all the acquired experimental data was saved and exported to Excel for 
further analysis. 
Section 2 Air-Surfactant Containing Aqueous System 
3.11 Hydrodynamics Experiments 
The hydrodynamics properties of a confined plunging liquid jet, i.e. the penetration depth 
Hp, the mean gas hold up EG, and the gas entrainment rates QG, were investigated in the 
presence of a number of surface active substances, at various mass concentrations. These 
experiments were conducted, using a confined column, Dc = 0.10 m, and at a range of 
nozzle size DN, Reynolds number ReN and jet length to nozzle ratio L/DN, as given in the 
table 3.2. 
Unlike the air-tap water system, the presence of surface-active substances sets a limit on 
the data collection for the full range of the jet operating conditions. This was attributed to 
the fact that the bubbles started to escape from the bottom exit of the downcomer due to 
the formation of much smaller bubbles in the presence of the surfactants. This 
phenomenon was especially evident at higher Reynolds numbers ReN, larger nozzle sizes 
DN and longer jet lengths Lj • However, an effort was still made to collect as much data as 
possible. 
Carefully devised experiments were then carried out to determine the effects of various 
Reynolds number ReN, jet length to nozzle size ratio L/DN and nozzle size DN, in the 
presence of a surfactant, on the hydrodynamic properties of the confined plunging jet. At 
the same time, the effect of increasing surfactant concentration on the hydrodynamics 
properties was also evaluated. Table 3.3 shows some general information of the types of 
surfactant, salts, alcohols and their respective concentration range, employed in the 
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present study. The chosen range of concentration of all surface active agents investigated 
was first assessed. As can be seen from table 3.4, a typical content of the total dissolved 
solids in an untreated domestic wastewater is from 250 to 850 mgll (or ppm), depending 
on the strength of the wastewater. Therefore, a similar salt concentration, ranging from 
lOO ppm to 800 ppm, those of NaCI and KCI, was investigated. As for volatile organic 
compounds, domestic wastewater contains an average of about 250 ppb alcohols, which is 
insignificantly small (see table 3.4). For investigation purposes, a much higher range of 
concentration, i.e. 3 ppm to 20 ppm, was employed. Due to the restricted present jet 
operating conditions, only I ppm and 2 ppm surfactant concentrations were investigated. 
In Sweden, anionic surfactants concentration in the range of I to 10 ppm have been found 
in wastewater. Nonionic surfactants are in the same range, while quaternary surfactants 
(cationic) are much lower (Swedish Society for Nature Conservation, 2000). It has to be 
noted that the composition, strength, flow and volume of salts, alcohols and surfactants 
vary widely, depending on the specific industry or manufacturing establishment in the 
community (e.g. the amount of alcohol might be large in the brewery or oil industry 
wastewater; whereas, high concentrations of surfactants can be found in the textile (cotton 
finishing) industry wastewater). 
3.11.1 Experimental Apparatus and Methods 
The experimental apparatus employed for the study of the aqueous systems containing 
surfactants was similar to that of the air-tap water system (for detail description, see 
figure 3.1, §3.2). 
Each experiment was started with a chosen surfactant at a given concentration. At a 
chosen set of jet operating conditions, the total volume of the liquid in the system was 
calculated and an appropriate amount of surfactant was then added. The surfactant 
concentration was expressed as part per million (i.e. ppm) by mass, regardless of the type 
and physical fonn of the surfactant used. The concentration was calculated using equation 
(3.3): 
(b ) Mass of the solute 106 ppm y mass = x 
Total mass of solvent (water) (3.3) 
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Surfactants , ' .. IAPpearanCe/Odour: Molecular '" MW Critical Micelle ",' ·.,Solubility ">,' •• .' Concentration' . ',"',' 
FonnuJa ,', ' ,'.'. 
I'.,·i.'.'·· ... '. 
Concentration (gllOO g water) ., (ppm by mass) I. " ' , 
• 
' "" 
. " I ',. ' .'" "",.' I ", •• ,',' "".' c,:' ',' .•••• ' ••••• ',,',,' , (ppm) , . " .. ' ., ' "., , ,',"', ,', ", ,,', ',',.' .. ".' 
, 
Sodium dodecyl A fine white C'2H2,OS03Na 288.38 2291* 10 1,2 
sulfate crystalline powder; 
or SDS (anionic) slight fatty odour 
Tetradecyltrimethyl- White powder; C17H3sBrN 336.4 671* soluble 1,2 
ammonium bromide odourless 
or MTAB (cationic) 
Polyoxyethylene 20 A viscous oily liquid C5sHII4026 1226 75* Soluble 1,2 
sorbitan monolaurate and golden-yellow in 
or Tween 20 (non- colour; 
ionic) odourless 
Salts ". ' •. ".' ," .. ,. ," "" .,", ."" '., "," ,', , 
" 
, ,., .. '. ". "',"" '," , """",'.' : ".,.' '" ,,"." "',.',', ' .. ,'" .... , .. ,:" .,' .. ,'. c" 
Sodium chloride Colourless crystals or NaCl 58.44 N/A 36 0,100,200,400,800 
powder; odourless 
Potassium chloride White crystals or KCl 74.56 N/A 28.1 0,100,200,400,800 
powder; odourless 
AIcohols 
'" ".' "',.' 
. ,,' ".' "'" " ... ,," , I· •. ' , "', ." ",', .'. ,,'.""". "," ... , '. .' '" . , .. ", .c···, .'>' • 
I-Butanol Clear, colourless CH3(CH2)30H 74.12 N/A 9 0,5, 10, 15,20 
solution, Strong 
characteristic, mildly 
alcoholic odour 
I-Hexanol Clear colourless CH3(CH2),OH 102.18 N/A 0.6 0, 3, 5, 10, 15 
liquid, characteristic 
fruity odour 
I-Octanol Colourless liquid with CH3(CH2hOH 130.23 N/A 0.054 0, 3, 5, 10, 15 
a penetrating odour 
* CMC values predicted by relationships given in Rosen (1978). 
Table 3.3 A list of surface-active component investigated. 
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Contaminants Concentration 
Unit Weak Medium Strong 
Solids, total (TS) mgll 350 720 1200 
Dissolved, total (TDS) mgll 250 500 850 
Fixed mgll 145 300 525 
Volatile mgll 105 200 325 
Suspended solids (SS) mgll 100 220 350 
Fixed mgll 20 55 75 
Volatile mgll 80 165 275 
Settleable solids mlll 5 10 20 
Biochemical oxygen demand, mgll: 
5-day, 20°C (BOOs, 20°C) mgll 110 220 400 
Total organic carbon (TOC) mgll 80 160 290 
Chemical oxygen demand (COD) mgll 250 500 1000 
Nitrogen (total as N) mgll 20 40 85 
Organic mgll 8 IS 35 
Free ammonia mgll 12 25 50 
Nitrites mgll 0 0 0 
Nitrates mgll 0 0 0 
Phosphorus (total as P) mgll 4 8 IS 
Organic mgll I 3 5 
Inorganic mgll 3 5 10 
Chlorides mgll 30 50 100 
Sulfate mgll 20 30 50 
Alkalinity (as CaC03) mgll 50 100 200 
Grease mgll 50 100 150 
Total coliform no./lOO ml 106_107 107_108 107_109 
Volatile organic compounds (VOCs) Ilgll < 100 100-400 >400 
Table 3.4 Typical composition of untreated domestic wastewater, as extracted from 
"Waste water Engineering - Treatment, Disposal and Reuse" by G. 
Tchobanoglous and F. L. Burton (1991). 
The corresponding amount of the surfactant was weighted using a digital balance with 
accuracy up to 3 significant figures. This amount was then dissolved in a 200ml beaker 
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prior to adding it to the liquid in the main tank. This step was essential to ensure the 
surfactant was fully and properly dissolved. 
The pump was then started and the resulting surfactant containing system was allowed to 
circulate for at least a period of 30 minutes, to achieve a uniform concentration 
throughout the system. The corresponding penetration depth and the mean gas hold up 
were recorded and evaluated (methods are given in §3.5). A liquid sample was then taken 
from the main tank and its liquid surface tension was determined, using a digital surface 
tension balance. 
The liquid surface tension was measured, based on the Du Nouy ring method. It was 
found that the liquid temperature during each experiment rose by a maximum of 2 DC, 
which produced a negligible effect on the surface tension. In view of the very dilute 
concentrations employed, the viscosity and the density of the system were taken to be 
equal to that of water. 
The above procedures were repeated at various jet operating conditions with the same 
surfactant concentration, or at a constant set of jet operating conditions, but with a 
different surfactant concentrations. The experimental procedures were also applied for a 
number of different types of surfactants, salts and alcohols (as given in table 3.3). The 
alcohols employed i.e. I-butanol, I-hexanol, and I-octanol and all were of at least 99% 
purity by volume. 
Due to time constraints, the investigation of the alcohol-containing aqueous systems, 
mainly focused on evaluating the effect of the carbon chain length on the hydrodynamics 
characteristics of the confined plunging liquid jets. This was done by carried out the 
experiments at a constant mass concentration of 5 ppm for all three alcohols. The 
investigation of the gas entrainment rate characteristics of the surface-active containing 
aqueous systems, used the same experimental apparatus and the measurement methods as 
have been previously described in §3.8. 
In order to have a better picture of the characteristics of the bubble cloud in the presence 
of surfactants, salts and alcohols, in comparison to that of tap water, photos were taken 
using a digital camera. All pictures were taken at a constant nozzle size DN = 0.00597 m, 
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a constant jet length to nozzle size ratio L/DN of 15 and a set of Reynolds number, i.e. 
26030, 45086, 68869 and various surfactant concentration (see table 3.3). The aperture 
and shutter speed were set automatically by the camera and flash mode was turned off, as 
it was found to produce strong reflections from the perspex wall of the main tank. These 
pictures were taken using a HQ mode (resolution 1600 x 1200 pixels). Two 150 W light 
bulbs on either side of the tank were used to illuminate the bubble cloud. The camera was 
mounted onto a professional tripod, so that the pictures could be shot at a fixed position. 
3.12 Mass Transfer Experiments 
The effects of surface-active agents on the overall mass transfer coefficient, KLa, as well 
as on the oxygen transfer efficiency (OTE) were investigated. These experiments were 
thought to be essential as there is scarcely any published literature about the effect of 
surfactants on the mass transfer characteristics of a confined plunging liquid jet system. 
The type of system and its corresponding surfactant concentration range investigated are 
given in table 3.5: 
Table 3.5 
Aqueous System . Concentration range (ppm) 
. 
Air-Anionic surfactant 1,2 
Air-Cationic surfactant 1,2 
Air-Non-ionic surfactant 1,2 
Air-I-Hexanol 3,5 
Air-I-Octanol 3,5 
Surfactant containing aqueous systems and the corresponding 
concentration range investigated. 
3.12.1 Experimental Apparatus and Methods 
The experimental apparatus employed for the mass transfer studies of the surfactant 
containing aqueous systems is similar to that of the air-tap water system (see figure 3.10, 
§3.1O). These experiments were conducted at a carefully chosen set of jet operating 
conditions i.e. at: 
(i) Nozzle size, DN = 0.01223 m 
(ii) Jet length to nozzle diameter ratio, L/DN = 15, and; 
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(iii) Reynolds number, ReN = 45086 
The mass transfer experiments were conducted at two concentrations (i.e. in ppm by 
mass) as given earlier in table 3.5. Salt solutions were not investigated, as no effects had 
been observed either on the liquid surface tension or the hydrodynamics properties of the 
confined liquid jets, even at relatively high mass concentrations (see §6.5, for detail). For 
similar reasons, the I-butanol aqueous system was also not investigated. Only I-hexanol 
and l-octanol aqueous systems, at concentrations 3 and 5 ppm were investigated. 
The mass transfer coefficients KLa obtained from these experiments were evaluated based 
on the measurements taking from the two oxygen probes, one locating at the inlet and the 
other at the outlet of the downcomer respectively. Once the KLa was obtained, the 
corresponding a value was determined (a has been previously defined in eq. (2.50), 
§2.9.1). Furthermore, the OTE value was evaluated and compared to that of the air-tap 
water system, obtained under similar jet operating conditions. The model employed to 
evaluate the mass transfer coefficients, described in detail in §4.6.1, was assumed to be 
applicable also for the air-surfactant containing systems. The presence of surfactants was 
not expected to alter the liquid mixing pattern within the confined column. 
Since some of the surfactants employed are hazardous to health (e.g. the anionic, cationic 
and non-ionic surfactants), necessary safety control measures were taken. These include 
wearing protective gloves and safety glass at all time while handling these hazardous 
substances. In addition, all the equipment/glassware in contacts were washed thoroughly 
after use. These substances were also kept tightly in bottles and were stored in a cool dry 
place. 
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CHAPTER 4 
THEORY 
4.1 Introduction 
This Chapter presents the methods employed to analyze the experimental data obtained 
from both the hydrodynamics and mass transfer experiments studied. These methods 
include the evaluation of gas hold up: (i) from the height of the bubble cloud dispersion 
(momentum balance), and (ii) from the manometers, i.e. through variation of the axial 
pressure measured along the column wall. The proposed model that is used to predict the 
gas entrainment rates from jet surface roughness measurements is also presented (see 
§4.3). This is followed by the description of the three proposed flow models, that are used 
to characterize the liquid mixing patterns and residence time distributions within the 
confined column. The final section is devoted to the mass transfer theory, which describes 
the model employed for the evaluation of the overall mass transfer coefficient KLa. 
4.2 Gas Hold up Measurements 
This section discusses the theory behind the methods used to estimate the mean gas hold 
up in the confined plunging liquid jet system. Figure 4.1 shows a sketch of a confined 
plunging liquid jet in operation and defines the nomenclature to be used in the following 
analyses. 
4.2.1 Estimation of the Gas Holdup from the Height of Bubble Cloud Dispersion 
A momentum balance is applied, assuming that the variation of the pressure with height 
in the reservoir outside the confined column is due entirely to hydrostatic head. 
Therefore, the pressure in the liquid leaving the column is equal to the pressure at depth 
(HI + H2), as indicated at point A in figure 4.1: 
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where Palm is the atmospheric pressure, t{; is the mean gas hold up in the bubble cloud, 
Mfis the frictional pressure drop, Hp, HJ and Hl are the heights shown in figure 4.1, Ad is 
the cross-sectional area of the confined column, QL is the liquid volumetric flowrate, UL is 
the liquid column superficial velocity, and Vp and VN are the plunging point and nozzle 
exit velocity, respectively. The jet velocity at the plunging point can be evaluated by 
applying Bemoulli's equation, equation (4.2), 
(4.2) 
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Figure 4.1 A simplified confined plunging liquid jet 
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Equation (4.1) can be further simplified to: 
(4.3) 
where QUAd = UL• By appropriate rearrangement and substitution, a final equation was 
obtained: 
H 
ea =1--' 
Hp 
(4.4) 
The frictional pressure drops in the two-phase and clear liquid regions were also 
evaluated: 
2 () 2C PPL H2 dP where M', = , + tfJi. - Hp, at which 
Dc dx L 
16 P U D C, =--, where ReL = L L C Re L PL 
if pp LDC > 2000 
PL 
if pp LDC < 2000 
PL 
(4.5) 
(4.6) 
(4.7) 
while tfJi is the two phase multiplier and (dPldx)L is the pressure gradient for the liquid 
flow alone (Lockhart and Martinelli, 1949). The derived equation (4.4) was used to 
estimate the average gas hold up. However, under the present experimental conditions the 
frictional pressure drop for bubble cloud (two-phase) and clear liquid sections (equation 
(4.5», and the momentum terms in the derived equation were found to be negligible. The 
equation was thus reduced to: 
(4.8) 
All the mean gas hold up results were then evaluated using equation (4.8) instead of 
equation (4.4). 
104 
Chapter 4 Theory 
4.2.2 Estimation of the Gas Holdup from the Manometers 
The local gas hold up can also be estimated from manometers attached to the column 
wall. 
Confined 
/' column 
dP dh=O.15m 
~ 
>- Pres~ure ' 
tappmgs 
~ 
Or -----------r 
~t_ _ __________ Jt. 
-- Dc --
Figure 4.2 Column pressure profile measurement 
, 
-- ]Cr 
"-
~ Water 
Manometers 
In figure 4.2, z and h denote the manometer reading and the position of the pressure 
tapping respectively (only a single pair of pressure tappings was shown; the column 
contained 10 tappings in total). The difference in pressure between point 1 and 2 is given 
by: 
(4.9) 
where eG = ~~ , assuming that there is, (i) no change in liquid velocity between 1 and 2, 
and, (ii) the wall shear stress is negligible. Similar calculations to those described in 
§4.2.1 showed that these terms are negligible. Note that (a) the column must be filled with 
two-phase mixture between the manometer points and (b) near the plunge point the liquid 
velocity decreases as the submerged jet spreads and hence assumption (i) is invalid. This 
local gas holdups could not be determined within a few diameters of the plunging point. 
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Figure 4.4 is a plot of the surface profile of a tlLrbulent jet issuing from a nozzle of 
diameter 8.02 mm, at a jet Reynolds number of 68869. The black line represents the 
original digitised data for the jet profile, obtained by image analysis of the flash 
photographs. For both the upper and lower profilcs, the blue lines represent smoothed 
profiles which are simply used to find the major peaks of the original (rough) surface 
profile, as described below. The idea is that the surface of the receiving pool collapses 
back against tbe entering rough jet, trapping gas in the troughs between the major peaks. 
It is proposed that it is th.is process that determines the volumetric gas entrainment rate 
into rough jets. 
15.00 .,---------------------------------, 
O.OO ·~~--~--_.---~--_.---r_--~--~--4I--~---1 
o. SO.OO 100.00 l SO.00 200.00 2SO.00 300.00 350.00 400.00 4 .00 
· 10.00 . 
Jet length, x (mm) 
-15.00-'---------------------------------' 
Figure 4.4 Jet profile data (the horizontal scale is compressed) 
Smoothing of the jet profile has been achieved using FouTier transform filtering: the 
original profiles are padded with zeros and transformed into frequency space using 
Excel's FFT routine. The Fourier coefficients corresponding to higher order frequencies 
are removed and the data are inverse transformed, again using Excel 's FFT routine, to 
give the smoothed profile. The analysis allows the user to specify di fferent degrees of 
smoothing for the filtering procedure, although further investigations have shown that the 
end results are insensitive to the choice of the cut-off frequency. 
Next the peaks of the rough surface profile are identified. Maximum turning points for the 
upper profile (minimum for the lower profile) are established and are treated as valid 
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Figure 4.4 is a plot of the surface profile of a turbulent jet issuing from a nozzle of 
diameter 8.02 mm, at a jet Reynolds number of 68869. The black line represents the 
original digitised data for the jet profile, obtained by image analysis of the flash 
photographs. For both the upper and lower profiles, the blue lines represent smoothed 
profiles which are simply used to find the major peaks of the original (rough) surface 
profile, as described below. The idea is that the surface of the receiving pool collapses 
back against the entering rough jet, trapping gas in the troughs between the major peaks. 
It is proposed that it is this process that detennines the volumetric gas entrainment rate 
into rough jets. 
15.00..-------------------------------, 
10.00 
o.oo++--~--~--~---_--~--~--~-_'"t_~--_I 
o. 50.00 250.00 300.00 400.00 4 .00 
-10.00 Jet length, x (mm) 
_15.00.1-___________________________ ---' 
Figure 4.4 Jet profile data (the horizontal scale is compressed) 
Smoothing of the jet profile has been achieved using Fourier transform filtering: the 
original profiles are padded with zeros and transformed into frequency space using 
Excel's FFT routine. The Fourier coefficients corresponding to higher order frequencies 
are removed and the data are inverse transformed, again using Excel's FFT routine, to 
give the smoothed profile. The analysis allows the user to specify different degrees of 
smoothing for the filtering procedure, although further investigations have shown that the 
end results are insensitive to the choice of the cut-off frequency. 
Next the peaks of the rough surface profile are identified. Maximum turning points for the 
upper profile (minimum for the lower profile) are established and are treated as valid 
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major peaks if they lie outside the smoothed jet profile (above the smoothed profile for 
the upper interface and below for the lower interface). These major peaks are joined by 
the orange line in figure 4.4. This procedure is a robust method for identifying the major 
peaks in the jet surface profile, whilst ignoring minor perturbations which lead to local 
maxima or minima. 
The final stage in the analysis is to integrate the volume of revolution trapped between the 
jet surface profile (black line) and the line joining the peaks (orange line). The underlying 
assumption is that the volume of gas trapped in the troughs between the major peaks is 
occluded as the jet plunges through the flat surface of the receiving pool. 
This volume is calculated in the following way: let rix) be the radius of the rough jet 
surface (black line) and rp(x) be the radius of the (orange) line joining the peaks at 
position x. Then the volume occluded as the jet passes into the receiving pool may be 
calculated by integrating between two jet lengths, XI and Xz: 
(4.11) 
The time taken for the jet to pass through the receiving pool surface is t = (X2 - XI )/Vj , 
where V; is the jet velocity. Thus, the volumetric entrainment rate is given by: 
(4.12) 
These calculations were perfonned numerically using the trapezoidal rule. The integrals 
given above assume an axisymmetric profile; in practice this is not the case and so the 
analysis was perfonned for both the upper interface and the lower interface and the results 
were averaged. Thus the gas entrainment rate at a certain jet length to nozzle diameter 
ratio LjDN estimated using eq. (4.12) is an average value over a distance (X2 -Xl) (see 
§S.IO, for comparison of experimental data and predicted results). 
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4.4 Modelling of the Mixing Patterns within the Confined Column 
The following sections discuss the detail derivation of the three alternative flow models 
for characterization of the mixing patterns within the present confined plunging liquid jet 
system. 
4.4.1 Flow Model 1: A CSTR and A PFR in Series 
In Model I, it is proposed that the bubble cloud behaves as a continuous stirred tank 
reactor (CSTR) and the clear liquid just below the bubble cloud (region (2)), may be 
represented as a plug flow reactor (see figure 4.5(a)). The block diagram in the figure 
4.5(b) represents the above model; QL is the liquid volumetric flowrate, Vj and VPFR 
represent the liquid volumes of the CSTR and PFR regions respectively, Co(t) and Cj(t) 
are the salt tracer concentrations entering and leaving the CSTR, whereas Cz(t) is the 
dissolved salt tracer concentration leaving the PFR region. 
The residence times of the liquid contained in both the CSTR and PFR regions may be 
calculated as follow: 
Bubble dispersion cloud region (1) - CSTR: 
(4.13) 
where VBc = HprtDcz/4 = volume of the bubble cloud. 
Time delay of the clear liquid region (2) - PFR: 
(4.14) 
A mass balance of the salt tracer in the liquid contained within each region was 
performed, giving rise to: 
CSTR Co (t) - Cl (t) = T_d_CI!...:.(t.;..) 
dt 
(4.15) 
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PFR (4.16) 
The injected salt tracer is denoted by a delta pulse of magnitude Ap , so: 
(4.17) 
Equations (4.15) to (4.17) can be solved simultaneously, which leads to a solution: 
QL 
Co (t) 
Figure 4.5 (a) 
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The Flow Model I as represented in a block diagram 
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The residence time distribution (RTD) density function, E(t) is given by: 
E(t) = C2 (t) = _C_2(_t) = H(t _td)-ex--"p--'{--('--t----'td~)-I"--"} 
~ A " f C2(t)dt p 
(4.19) 
o 
The model parameters "and td may be fitted to the experimental data using the first and 
the second central moments of the RTD distribution: 
The first moment is: 
~ 
MI = ftE(t)dt (4.20) 
o 
Substituting the (4.19) into (4.20) gives: 
(4.21) 
The second moment may be evaluated from: 
~ 
M2 = f(t-t)2 E(t)dt (4.22) 
o 
Similarly, substituting equation (4.19) into (4.22) gives: 
M ~f( -)2H( )exp{-(t-td)/"}d 2 2 = t-t t-td t=" 
o " 
(4.23) 
4.4.2 Residence Time Distribution Data Analysis (Model I) 
All the experimental data collected for every set of operating conditions was analysed and 
treated in exactly the same way described below. 
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Initially, the average values of both the experimental data run 1 and run 2 (repeated run) 
were calculated. The data was then normalised to produce a plot of the residence time 
distribution density function E(t). Simpson's rule was used for the numerical integration 
to obtain the first and second moments from eqs. (4.20) and (4.22) respectively. The 
corresponding value of the model parameters l' and td were then fitted using equations 
(4.21) and (4.23). These values were then substituted back into the equation (4.19) to 
enable comparison ofthe predicted E(t) and experimental E(t). 
It was noted that the predicted E(t) resulted from the Flow model I did not give a 
satisfactory agreement with the experimental E(t) especially around the maximum value 
of E(t) (see §4.5). A modified model was therefore developed to improve the predicted 
residence time distribution density function of the system, as described in the following 
section. 
4.4.3 Flow model II: Two CSTRs and A P FR in Series 
In this model, it is hypothesised that the bubble cloud dispersion consists of two regions 
(I) and (2) (see figure 4.6(a)). Region (1) comprises the expanding submerged two-phase 
jet and the surround circulation loop and is modelled as a single CSTR. Region (2) is the 
two-phase region just below the expanding cone, which is modelled as a second CSTR in 
series. The clear liquid section just below the bubble cloud i.e. region (3), was treated as a 
PFR. A representation of the Flow model IT is shown as a block diagram in figure 4.6(b). 
VI and V2 represent the liquid volumes of the CSTR 1 and 2 respectively, V3 is the liquid 
volume within the PFR section and Co(t), CI(t), C/(t) and C2(t) are the salt concentrations 
at their corresponding positions. 
As in the previous model, the residence times of the liquid in the two CSTRs and the PFR 
are first calculated: 
Bubble dispersion cloud region (I) - CSTR 1: 
v: ~--' 
" - QL 
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Bubble dispersion cloud region (2) - CSTR 2: 
v ~ __ 2 
'2 - QL 
Time delay of the clear liquid region (3) - PFR: 
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Figure 4.6 (a) A schematic diagram of the Flow Model Il 
(b) The Flow Model II as represented in a block diagram 
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(4.25) 
(4.26) 
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Mass balances on the salt tracer in the liquid contained within each region gives: 
CSTR 1 _ dC1(t) (4.27) CO(t)-C1(t) -1'1 
dt 
CSTR2 C ()- C'() _ dC;(t) (4.28) 1 tIt - 1'2 dt 
PFR: C2 (t) = H(t - td )C;(t -td) (4.29) 
Solving the eqs. for a pulse input leads to a RTD of: 
E(t) (4.30) 
Equation (4.30) gives the derived residence time distribution (RTD) density function of 
the Flow model 11; the model parameters 1i, Tz and td were obtained from experimental 
measurements, as follows. 
4.4.4 Residence Time Distribution Data Analysis (ModellI) 
Instead of evaluating the first and second central moments of the distribution to solve for 
the corresponding model parameters, a different approach was adopted. The derived 
residence time distribution density function E(t) was fitted to the experimental data by 
minimising the sum of the square errors by altering the values 'Xi, Tz and td using the 
Solver provided by the Microsoft Excel. Hence values of Tt. Tz and td were obtained for 
each set of experimental conditions and the resulting derived residence time distribution 
density function was compared to the experimental E(t). 
4.4.5 Flow model Ill: Gamma Function 
This model was adapted from the Gamma function model derived by Buffham and 
Gibilaro (1968) to suit the present system. Basically, this model is rather similar to the 
Flow models I and 11, except the bubble cloud is thought to comprise a series of N equal 
volume stirred tanks, where N may take non-integer values. Thus the model parameters 
are simply N and the mean residence time. It was expected that the N values would be 
small for the present system, and thus it is appropriate to apply this simple extension of 
114 
Chapter 4 Theory 
the tanks in series model. This approach is normally used to model small deviations from 
the exponential distribution of a single stirred tank. The block diagram in the figure 4.7 
represents the proposed model with Vl , V2 and VN represent the liquid volumes of the 
CSTR 1,2 and CSTR-N respectively; VN+l is the liquid volume in the PFR region; Co(t), 
Cl(t), C2(t), CN.l(t), CMt), CN+l(t) are the salt concentrations either entering or leaving a 
unit as can be seen in the figure 4.7. 
PFR 
Co (t) CSTR Cl (t) ,--C_STR_-, CN •l (t) CSTR V N+l 
Figure 4.7 The Flow Model m as represented in a block diagram 
As in the previous model, the residence times of the liquid contained in the two CSTRs 
and PFR are first calculated: 
Bubble dispersion cloud region (i) - CSTR i: 
V 
r.=-' 
, Q
L 
and T}= T2= T3= ...... TN= 'l; since the volume of each tank is assumed to be equal. 
The time delay of the clear liquid region (PFR) is: 
(4.31) 
(4.32) 
Mass balances of the salt tracer the liquid contained within each region were performed, 
giving rise to: 
CSTRi _ dCi(t) C I (t) - C (t) - T. ~'--'-'-
1- I I dt (4.33) 
115 
Chapter 4 
PFR: 
As before, solving for a l5(t) input yields an RTD of: 
E(t) = _ C N+I (t) 
fCN+I(t)dt 
o 
where 
CN+1 (t) = H(t -t
d
) NN (t - td)N-1 expt N(t - td)/(t - td)} 
Ap (N -I)!(t - td)N 
Theory 
(4.34) 
(4.35) 
(4.36) 
The factorial (N-I)! is equivalent to the Gamma function r(M provided N is a positive 
integer. For a generalised derived E(t) where N is a continuous variable, the equation 
(4.35) can be re-written as: 
(4.37) 
Equation (4.37) is therefore the final derived residence time distribution (RTD) density 
function of the Flow model ill. Correspondingly, this derived RTD curve, could be fitted 
by adjusting the model parameters i.e. N, t and td, using the Excel Solver function to 
minimise the sum of the squared errors between the prediction and the experiment. 
4.5 Residence Time Distribution Study (RTD) 
A residence time distribution study was carried out to determine the validity of the 
proposed flow models for the confined plunging jet systems. The flow models have been 
previously described in §4.4 and the descriptions of the experimental apparatus and 
methods employed for the RTD studies were given in earlier §3.9. This section discusses 
and compares the results obtained from these models to the experimental data. 
Figures 4.8 (a), (b) & (c) show a comparison of the experimental residence time 
distribution E(t) and the three model predictions at the same jet operating conditions. 
Figure 4.9 and 4.10 (a), (b) & (c) are similar to the previous plots, but for a different set 
of jet operating conditions (see figure captions). The rest of the results, for the other jet 
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operating conditions i.e. at different combinations of the Reynolds number ReN, nozzle 
size DN and jet length to nozzle diameter ratio LJDN can be found in Appendix IX. 
Generally, the predicted E(t) from the flow model I agrees poorly with the experimental 
measurements, as can be clearly seen in either figures 4.8, 4.9 or 4.10 (a). This was 
especially true for the value of the time delay td associated with the clear liquid section 
and the maximum E(t). These two values were markedly over predicted by the model. 
Apart from that, the model shows a reasonably good agreement with the tail of the 
experimental E(t). 
It was observed that the flow model IT shows a tremendous improvement compared to the 
flow model I. The over predicted time delay is much closer to the td obtained from the 
tracer experiment. In addition, the sudden spike of the maximum point of E(t) was also 
smoothed out to correspond to that of the experiments, as can be seen in the figures 4.8, 
4.9 & 4.1O(b). 
In figure 4.8, 4.9 & 4.10 (c), the flow model III was shown to produce an even closer fit 
to the experimental E(t) than the flow model 11. This trend was true throughout all the 
corresponding predicted E(t) at all the jet operating conditions. 
Therefore, only flow model IT and III were further considered. The comparison of these 
two models was carried out by determining the individual model parameters i.e. the liquid 
residence time in the bubble cloud, l' and the time delay in the plug flow region, td. 
All the values of the CSTR residence times, PFR time delays and the overall residence 
time of the liquid in the confined column, estimated from model IT and Ill, and those 
evaluated experimentally are given in table 4.1. The experimental liquid bubble cloud 
residence time l' and the plug flow time delay td were calculated from the liquid 
volumetric flowrate QL, the corresponding liquid heights, and the gas void fraction Eo 
obtained, during each operation, using equations (4.38) and (4.39): 
(4.38) 
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(4.39) 
The individual liquid residence times i.e. -rand the PFR time delay fd, obtained from the 
two models were then compared to those evaluated by the experimental observation. Th~ l' 
in flow model IT was calculated as a summation of 1i and 1'2. (where 1'1 and 1'2 are the 
liquid residence times in CSTR I and 2, respectively). For the tracer experiments over a 
range of Reynolds number ReN at a constant DN = 0.01523 m and L/DN = 15, it was 
observed that the bubbles started to escape from the bottom exit of the downcomer 
between ReN = 68870 and 78091. Practically there was no clear liquid section and hence 
there was no time delay fd in both cases (see table 4.1). Therefore, these points were 
excluded while plotting figures 4.11 & 4.12. 
Figure 4.11 shows a comparison of the time delays in the clear liquid section fd, obtained 
from both models to those of experiments. The fd values determined from flow model II 
show good agreement with those predicted from the equations. The assumption that the 
clear liquid section takes up the behaviour of the plug flow is then justified. Model IT also 
shows a better agreement, compared to flow model III (compare the open and close 
symbols in figure 4.11). 
As shown in figure 4.12, the liquid residence times of the bubble cloud of the flow model 
III (open symbols) were rather scattered and did not show good agreement with the 
experimental results. However, the results of the model IT (close symbols) agreed 
reasonably well with those of the experiments. These may be attributed to the fact that the 
equation (4.38) and (4.39) were based on the estimated liquid heights as well as the 
estimation of void fraction from the momentum balance. The values of 1'+ fd for 
experiments and models agree reasonably well, but not perfectly. Generally, the flow 
models exceed the experimental 1'+ fd by 6 to 40%. The difference between the predicted 
and experimental l' are of a similar magnitude for model II, but are significantly more for 
model Ill. 
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In addition, the value of N i.e. the number of tanks in series, determined by flow model 
Ill, exhibited no systematic variation with Reynolds number, nozzle size or jet length to 
nozzle diameter ratio (see table 4.1). 
In conclusion, the flow model n is a better model that can be used to represent the current 
downcomer liquid mixing patterns. The model parameters have been shown to be 
predictable using experimental measurements of t<; and Hp from equations (4.38) and 
(4.39). Therefore, the evaluation of the overall liquid side mass transfer coefficient KLa 
was based only on the flow model n. 
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ReN / DN(m)/ L/DN Estimation by equation Flow Model 11 Flow Model III 
4.38 4.39 
1: td t 1:t 1:2 Tt + T2 td t N T td t 
26030/0.01523/15 4.67 26.74 31.40 7.22 7.22 14.44 21.80 36.23 6.7 21.62 12.61 34.23 
368121 0.01523/ 15 3.89 17.84 21.72 3.34 3.34 6.69 16.23 22.92 16.1 14.95 6.74 21.69 
45086/0.01523/ 15 3.41 13.98 17.39 3.34 3.34 6.68 13.34 20.02 6.8 9.56 9.51 19.07 
58206/ 0.01523/ 15 4.51 6.99 11.51 2.82 2.82 5.64 8.44 14.08 2.1 5.63 8.41 14.04 
68870/0.01523/15 6.77 0.00 6.77 2.25 2.25 4.50 4.30 8.80 3.0 4.95 3.61 8.56 
78091/0.01523/15 5.91 0.00 5.91 2.07 2.07 4.14 3.91 8.05 3.0· 4.49 3.33 7.82 
68870/0.01037/ 5 4.51 15.26 19.77 3.32 3.32 6.65 14.75 21.40 2.7 7.13 13.94 21.07 
68870/0.01037/15 5.71 9.94 15.65 3.09 3.09 6.18 11.30 17.49 2.0 6.19 11.29 17.48 
68870/0.01037/25 6.29 6.58 12.87 3.76 3.76 7.53 7.69 15.22 3.1 8.35 6.32 14.67 
68870/ 0.01037/35 6.72 3.15 9.87 3.80 3.80 7.61 6.25 13.86 2.9 8.23 5.14 13.37 
68870/ 0.01523/ 15 6.77 0.00 6.77 2.25 2.25 4.50 4.30 8.80 3.0 4.95 3.61 8.56 
68870/0.01223/15 7.42 2.67 10.09 2.81 2.81 5.62 6.33 11.94 3.3 6.26 5.33 11.58 
68870/0.01037/15 5.71 9.94 15.65 3.09 3.09 6.18 11.30 17.49 2.0 6.19 11.29 17.48 
68870/ 0.00802115 5.90 17.92 23.83 4.31 4.31 8.62 17.86 26.48 4.0 10.31 15.38 25.69 
68870/0.00597/15 8.44 25.66 34.10 7.04 7.04 14.08 25.64 39.72 3.8 16.40 22.11 38.51 
-
Table 4.1 The values of the corresponding residence times 1; td, and t for models II and III 
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4.6 Mass Transfer Theory 
The evaluation of the overall mass transfer coefficient KLa was based on the proposed 
model described below and the flow model IT discussed in §4.5 (see figure 4.13). 
An improved method of KLa evaluation, as adapted from that of Moppett et. al. (1996)'s 
model, which involved the simultaneous oxygen concentration measurements at both the 
inlet and outlet of the confined column was devised (see §4.6.2). This method has an 
advantage over Moppett's one probe response model since the liquid mixing pattern 
within the reservoir is not always a perfect CSTR. With the use the present two-probe 
response method, the liquid mixing pattern within the reservoir tank could be disregarded. 
The mass transfer model also requires other assumptions: 
(i) The total liquid volume remains constant throughout each experiment, since the 
plunging jet oxygenator is a closed recirculating system. 
(ii) The oxygen saturation concentration C· also remains constant throughout each 
experiment, i.e. the oxygen partial pressure is uniform in the bubble cloud and 
equal to that in the heads pace of the confined column. This assumption is valid 
provided the gas phase is well-mixed, the amount of the absorbed gas oxygen 
from bubbles into liquid is small and the headspace is flushed with fresh air. In 
view of the fairly low solubility of the oxygen and the relatively short bubble 
residence time, this assumption is therefore satisfied (see Appendix ITI). 
Furthermore, the mass transfer process was conducted under isobaric and near 
isothermal conditions. 
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Figure 4.13 Mixing patterns within the mass transfer apparatus as determined from the 
tracer experiments 
4.6.1 Mass Transfer Model 
From the proposed flow model IT and the assumptions made, an oxygen mass balance was 
carried out on the liquid in each region. This procedure was similar to that of Moppett et 
al. (1996), but applied to the geometry of the present experimental arrangement. 
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Firstly, an oxygen mass balance was first conducted over the liquid in the fully mixed 
bubble dispersion cloud comprising two completely mixed regions with equal volume. An 
individual oxygen mass balance was carried out separately for each region: 
Region (1) - CSTR1: 
(4.40) 
Region (2) - CSTR 2: 
(4.41) 
where V8CI and V8CZ are the total volumes of the CSTR 1 and 2 (V8CI = V8cz = V8c12); fd 
is the total time delay; Co (f), Cl (f), C/(f) and Cz(f) are the dissolved oxygen 
concentrations at time f at their respective locations as depicted in figure 4.13. 
Secondly, the dissolved oxygen concentration at time f leaving the bottom exit of the 
downcomer Cz (t) (accounting for the total time delay 'd) could be represented by the 
following plug flow equation: 
Region (3) - PFR: 
(4.42) 
where fd = (tp-/+ tb.p), the total time delay, i.e. the sum of both the time delay given by (i) 
the plug flow region from below the bubble cloud to the exit bottom of the downcomer 
(tp-/), and (ii) the by-pass loop (tb-p); where tp-/ is calculated as VPFRIQL (VPFR is the liquid 
volume in the clear liquid section) and fb_p is obtained in a similar way. However, the time 
delay is mainly contributed by the plug flow region in the downcomer since the time 
delay in the by-pass loop only amounts to about a second (due to its relatively small loop 
diameter and high pumping rate, see §3.10.1). 
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The mass transfer process involves the absorption of oxygen into water. Since oxygen is 
only sparingly soluble in water, the Henry's law constant HL is therefore large and thus 
the gas-side resistance to mass transfer is negligible. This can be shown by the following 
equation: 
I 1 I 
-=-+--
KL kL HLkG 
(4.43) 
When HL is large, the overall liquid side mass transfer coefficient is approximately equal 
to the liquid side. mass transfer coefficient i.e. KL = kL• In the literature, typical values of 
KL range from 9xlO's m1s to 5 xlO·4 m1s for an air-water plunging jet system (Ohkawa et 
al., 1987a; and Bin, 1993). 
It is known that there is always a time delay before the probe senses the change in the 
dissolved oxygen concentration in the flowing liquid under measurement. The delay is 
due to the diffusion of oxygen across the membrane before it reaches the cathode of the 
electrode. The response of the probe was assumed to be first order, thus for probe (0), 
locating at the suction line of the mono pump (see figure 4.13): 
(4.44) 
where Co(t) is the dissolved oxygen concentration in the liquid at the suction line of the 
mono pump, CPO(t) is the measured probe (0) concentration and Tpo is the corresponding 
probe time constant. 
Similarly, the response of the probe (I) is given by: 
(4.45) 
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where C2(t) is the dissolved oxygen concentration in the liquid at the by-pass loop, CPJ(t) 
is the probe (I) concentration and TpI is the corresponding probe time constant. 
These probe response dynamics were incorporated into mass transfer model, although it 
was found that the effects were generally small. 
Some problems associated with oxygen concentration measurements were experienced 
during the experiments. The oxygen probes could not be perfectly calibrated in situ, i.e.: 
(i) Different measured Cpo(O) and CPJ(O) were obtained at the end of oxygenation 
process for each set of jet operating conditions. These values were found to be 
dependent mainly on the liquid jet volumetric flowrate and the total liquid 
volume. However, an effort was made to bring the liquid oxygen level to the 
values as similar as possible. 
(ii) The final oxygen concentrations Cpo(oo) and CPJ(oo) were also observed to be 
slightly different. Ideally they should both be equal to the calibrated saturation 
concentration C' obtained initially. 
Therefore, before the KLa value was evaluated, both data sets for Cpo(t) and CPI(t) were 
normalized, and the resulting normalised variables were substituted into all the concerned 
ODEs, for the model, for further evaluation; thus the concentration term, Ci(t) was 
normalized, as in equation (4.46): 
n. (t) = Ci (t) - C, (0) 
, C' -Ci(O) (4.46) 
where ni(t) is the normalised oxygen concentration at a location, i = 0, 1 or 2, at time t. 
The ODEs were shown to hold for the normalised concentrations (for details, see 
Appendix IV). 
The overall mass transfer coefficient KLa at a particular set of operating conditions could 
then be obtained locally by linearising the ordinary differential equations and solving 
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them analytically, based on the experimental data of the Cpo (t) and CPI(t). The KLa 
evaluation method is given in the following section. 
4.6.2 The Overall Mass Transfer Coefficient KLa Evaluation Method 
Basically, the KLa values were solved analytically through a mathematical software 
package, called Maple, together with a Fortran computer programme. The KLa values 
were evaluated based on the double CSTRs model (flow model 11) only as this model was 
shown to be better than the other as supported by the results obtained from RID studies 
(see §4.5). All the ordinary differential equations developed and the equation associated 
with the time delay as well as the equations for the first order response of the probes, 
found in the preceding section, could be solved simultaneously by executing this written 
programme. 
The data obtained experimentally comprised two time series for Cpo(t) and CPI(t), starting 
at values of Cpo(O) and CPI(O), and finishing at Cpo(oo) = C~ and CPI(oo) = C;, 
respectively. The data were obtained at intervals of about 2 s. The data analysis to obtain 
KLa involved a fitting procedure to the integrated system of ODEs and so an efficient and 
robust numerical algorithm was required. Initially a numerical integration using an 
adaptive step size Runge-Kutta routine was investigated, but this method was found to be 
slow. Another more robust and simpler method was to assume a linear relationship 
between adjacent concentration measurements and integrate eqs (4.40) to (4.42) 
analytically for an assumed value of KLa (all the other experimental variables such as Ea, 
VscJ, Vscz, QL, "po and "PI, were also known from the experiments). 
The predicted dissolved oxygen concentration as a function of time CPI (t)predicted was thus 
obtained which was subject to the assumed value of KLa. This predicted numerical result 
was then compared to the corresponding experimental data of CPI (t) as a function of 
time. The errors involved could be quantified by calculating the sum of the square errors: 
(4.47) 
A Golden Section Search routine was then performed to find KLa corresponding to the 
minimum sum ofthe square errors (see Press et al., 1986). 
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4.6.3 Oxygen Transfer Efficiency (OTE) 
The overall efficiency of the mass transfer in an oxygenation process can be assessed in 
terms of a well-known parameter, i.e. the oxygen transfer efficiency (OTE) which is a 
measure of the amount of the gas oxygen dissolved per unit of energy supplied to the 
system (kg 02lkWh). It is therefore desirable to have a high OTE i.e. to have as much as 
gas oxygen dissolved for higher mass transfer rates at a lower energy consumption. 
Oxygen transfer efficiency is calculated by the equation: 
OTE = Mo x 3600 
, P (kg 02lkWh) (4.48) 
where M02 is the rate of the mass of oxygen dissolved (units in kg 01ls) and P is the 
plunging jet power input (units in kW). M02 and P can be calculated from equations 
(4.49) and (4.50), respectively: 
(4.49) 
where Hp is the depth of the bubble cloud dispersion, Dc is the inner diameter of the 
downcomer and C' is the oxygen saturation concentration in water (units in kglm3). The 
standard method of calculating the OTE assumes that the water contains no dissolved 02. 
The jet power P is given by: 
(4.50) 
where PL is the liquid density, QL is the liquid volumetric flowrate and Vp is the plunging 
point velocity of the jet, as estimated from ~(VN 2 + 2gL j ) , by assuming the fall of liquid 
from the nozzle exit is only under the action of gravity. 
4.6.4 Effect of Temperature on KLa 
The mass transfer experiments were conducted over a range of temperatures, from 297 K 
to 303 K. The liquid temperature was controlled by the temperature of the ambient air and 
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the duration of the oxygenation process; the liquid temperature was noted to increase by 
approximately 2K to 4K during each experiment, due to the heat dissipation from the 
mono pump. Therefore, the KLa value evaluated from each set of experimental condition, 
was corrected to a temperature of 293 K. The adjustment of the KLa values to a reference 
temperature is essential as it provides a basis for the comparison of all the mass transfer 
data. 
Gilbert & Chen (1977), Jackson & Shen (1978), Sneath (1978), Heijnen & Van't Riet 
(1984) Maalej et al. (1999) and many others employed equation (4.51) to correct the KLa 
values in their air-water systems. This equation shows the temperature dependency of 
KLa, expressed in an Arrhenius form with a reference temperature at 293 K: 
(4.51) 
Here, B is the temperature adjustment coefficient for KLa and depends on the composition 
of the liquid and the type of aeration device (B = 1.024 was used for an air-water system 
by Sneath (1978), and Maalej et al. (1999), for their bubble aeration systems). 
Alternatively according to penetration theory, the mass transfer coefficient is proportional 
to the diffusion coefficient, D(T), raised to the power 0.5. From this model another 
relationship was derived: 
( J
0.5 
KLa(T) = KLa(293) D(T) D(293) (4.52) 
The liquid diffusivity coefficient was estimated using the correlation proposed by Wilke 
and Chang (1955) and the water viscosity was obtained from tables or from the 
correlation of Coulson & Richardson (1999). 
Both equation (4.51) and (4.52) were shown to give similar results for the range of 
temperatures used in the present studies. Therefore, the simpler method of equation (4.51) 
was to correct the KLa values in subsequent calculations. 
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4.6.5 Estimation of KLafrom an established Correlation 
The values of the experimentally determined overall mass transfer coefficients KIfl were 
compared with those obtained from a well-known mass transfer correlation. Frossling 
(1938) studied the evaporation of drops of nitrobenzene, aniline and water, and of spheres 
of naphthalene, into an air stream under forced convection conditions. The drops were 
mainly small and of the order of 1 mm diameter. Frossling (1938) managed to correlate 
his experimental results by an equation: 
where 
Sh = 2.0(1 + 0.276 ReJl2 Se1/3 ) (4.53) 
Sh= kLd , Re 
·D 
P L U ,d and Se = J:!:L. kL is the'· liquid side mass transfer 
ilL PLD 
. coefficient, d i.S the particle diameter and Ur is the velocity of the particle relative t~ the 
fluid . 
Rowe et al. (1965) carried out a review on the literature concerning the heat and mass 
transfer between spherical particles and a fluid. For mass transfer, they concluded their 
results which could be represented by a general expression: 
(4.54) 
where p is a constant which is a function of the Grashof number, but it approaches a value 
of 2 as the Grashof number approaches zero and q ranges from 0.3 to 1.0. In their 
experimental investigation, Rowe et al. (1965) confirmed that equation (4.53) can also be 
used to represent the results obtained for mass transfer from both the air and water to 
spheres. Therefore, equ~tion (4,53) was used to estimate the kL for the air-water system, 
which when modified to suit the variables of the present system becomes: 
(4.55) 
where D is the liquid diffusion coefficient, (db)v, is the Sauter mean bubble diameter and 
Ub is the velocity of the bubble relative to the liquid (Le. the bubble slip velocity). For 
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simplicity of calculations, the liquid diffusion coefficient D was taken to be 1.80 xIO-9 
m2/s as for the diffusion of oxygen in water at 293 K, the (db)v, was assumed to be 3_5 
mm, as estimated photographically from the experiments (see §5_5) and the gas holdup 
was estimated based on calculation of the momentum balance at each set of the 
experimental conditions_ On the other hand, the Ub also needed to be determined, before 
the kL could be obtained_ The method of obtaining the value of Ub is described in the 
following section_ 
According to the model proposed by Richardson & Zaki (1954), the bubble slip velocity 
may be represented as: 
(4.56) 
where UG and UL are the absolute bubble and liquid velocities within the downcomer, 
respectively, UT is the terminal rise velocity of a single bubble and n is an empirical 
exponent_ The terminal velocity UT can be estimated from figure 4_14 (Clift et aI., 1978)_ 
As can be seen from the figure, there are two curves; one resulted from an air-distilled 
water (pure water) system and the other obtained from an air-water contaminated 
(surfactant added) system_ Since air-tap water system was used in the present study, it is 
therefore sufficiently accurate to estimate the terminal velocity of the bubble from the 
curve of the contaminated water system_ 
To account for wall effects, Clift et al_ (1978) suggested that the terminal velocity of the 
bubbles of immediate size Le_ Eotvos number, g tJ.p (db)" 
2 
< 40 (similar to the present 
O"L 
bubble size range) in the liquid could be corrected by the equation: 
(4.57) 
where UT~ is the terminal velocity of the bubble in an unbounded fluid and A is the ratio 
of the Sauter mean bubble diameter to the column diameter, (db)v/DC_ With the 
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experimental observed bubble size ((db)v, ~3.5 mm) and the size of the downcomer (Dc = 
0.10 m), it was found out that UT ~ UT_ 
EOTVOS NUMBER 1 Eo 
0.01 0.02 0,04 0.1 0.2 0.4 1 2 4 10 20 40 100 200 
70r'-r-T--r~~~~r:::r::::::r-~ Ellipsoidal Regime 0 
Spherical Aegime 
... . of Oscillations: Re. 450 
40 
Spherical.Cap 
Pure Water 
• 
EaUlVALENT OIAMETER. d. (mm) 
Figure 4.14 Terminal velocity ofthe air bubbles in stagnant water at 20°C 
(Clift et al., 1978) 
The exponent n has been shown by Richardson and Zaki (1954) to be a function of the 
Reynolds number Re"" defined as: 
(4.58) 
Similarly, a correction factor A of (db)v,/Dc could also be incorporated in evaluating the 
exponent n. However, in view of the relatively small bubble diameter and the large 
diameter column, this effect is not significant and was ignored. 
Once the terminal velocity of the bubble UT (from eq. (4.57», the corresponding 
Reynolds number Re~ (from eq. (4.58» and subsequently the exponent n were obtained, 
together with the known gas void fraction £C, the bubble slip velocity Ub could then be 
evaluated. Finally, the liquid side mass transfer coefficient kL (",KL)was determined. 
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The gas liquid interfacial area per unit volume of the aerated liquid a, was calculated 
using the equation: 
(4.59) 
where (db)v, is the Sauter mean diameter (which is the appropriate mean bubble size as 
defined in the two-phase flow system, Ohkawa et al. (1987a» and Ea is the gas void 
fraction. 
Combining the kL value together with the interfacial area a estimated from equation (4.55) 
and (4.59) respectively, the kLa or KLa values at a certain set of experimental conditions 
were calculated. These KLa values were then compared to those temperature-corrected 
values from the experiments. 
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CHAPTER 5 
EXPERIMENTAL RESULTS AND DISCUSSION 
AIR-TAP WATER SYSTEM 
5.1 Introduction 
Chapter 5 discusses all the experimental results obtained from the studies conducted in 
air-tap water systems. The results of the minimum entrainment velocity are presented 
first, following by a discussion on the hydrodynamics of the liquid jet (i.e. Hp, EG, and 
QG). A small section is devoted to observations of the bubble size and a description of the 
flow pattern of the confined plunging liquid jet. This chapter also discusses the jet surface 
roughness characterization and the gas entrainment rates results obtained for unconfined 
and confined systems. Correlations for the gas entrainment rate in both systems are also 
derived and discussed. Next, the results obtained from the proposed gas entrainment 
model are compared to those obtained experimentally. Finally, the mass transfer results is 
discussed. The detail descriptions of the experimental apparatus employed during these 
studies have been previously given in Chapter 3. 
5.2 Minimum Entrainment Velocity 
5.2.1 Effect of Jet Length to Nozzle Diameter Ratio L/DN 
As can be seen from figure 5.1, as the jet length to nozzle diameter ratio L/DN increases, 
the minimum entrainment velocity at the nozzle exit (Ve)N decreases slightly. The slight 
decreasing trend may be due to the growing instabilities on the surface of the jet as it 
approaches the free surface. However, at these very low flowrates, liquid jets are 
relatively smooth and so this effect is only likely to be small. This trend was observed for 
all nozzle sizes and was highly reproducible. Also, it fits well with the observation by 
Moppett et al. (1996) for similar confined systems. 
In figure 5.2, the minimum entrainment velocity at the plunging point (Ve)p increases with 
increasing jet length; the longer the jet length, the larger the value of (Ve)p. The minimum 
entrainment velocity is evaluated from the equation (4.2), §4.2.I, based on energy 
conservation, with the assumption that the fall of jet is due only to the acceleration of 
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gravity. This increasing trend of minimum entrainment velocity along with increasing jet 
length is predictable, as the jet travels from the nozzle exit to the liquid surface, its 
velocity becomes higher due to the decrease in the potential energy of the jet. This agrees 
well with the observation by Moppett et al. (1995). Due to the small liquid volumetric 
flowrates, the (Ve)N and hence the (Ve)p were noted to be independent of the present range 
of DNIDc investigated. Thus, the experimental data was compared to the correlation 
suggested by Bin (1988) in equation (2.5), §2.3.1, for unconfined systems (see figure 5.3). 
As can be seen from this figure, the present experimental data lies close to Bin's results, 
despite the differences in nozzle aspect ratio (LNIDN) and nozzle design. A correlation for 
the present data in a form similar to that of Bin's (1988) correlation was then produced: 
(V) = 0 66 (L ID )0.41 ~ P • j N (5.1) 
This correlation is valid for: 0.00597 ::; DN::; 0.01523 m, I ::; L/DN::; 35, and is accurate to 
within ±20% (see figure 5.4). 
5.2.2 Effect of Nozzle Size DN 
At constant LjDN, the minimum entrainment velocity at the nozzle exit (Ve)N increases 
significantly with decreasing nozzle size (figure 5.1). The reason may be associated with 
the variations in the surface roughness of the jet; it is reported later in §5.6 that in general 
the largest nozzle size has the largest surface roughness (due to larger jet perimeter at the 
plunging point). The ease with which gas is entrained may be directly related to the 
surface roughness. Moppett et al. (1995) also observed the same trend and suggested it 
might be due to the growing disturbances to the liquid pool and an increase in liquid 
recirculation on the surface of the liquid pool with increasing nozzle size. Lin and 
Donnelly (1966) found that for an unconfined column, the minimum entrainment velocity 
at the plunging point decreases slightly as the jet diameter at the plunging point, Dp , 
increases (refer to §2.3.1), which is consistent with the present findings, despite the 
presence of the confined column (see figure 5.5). Therefore it might be expected that the 
minimum entrainment velocity at the nozzle exit (Ve)N will also decrease as the nozzle 
size increases, consistent with the trends observed. 
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From either figure 5.2 or 5.3, it is evident that the effect of the nozzle size on (Ve)p is 
small. The (Ve)p was observed to depend mainly on the jet length to diameter ratio L/DN 
(as discussed previously in §5.2.1). 
For the smallest nozzle sizes (DN = 0.00802 m and 0.00597 m), the measured values of 
(Ve)N are very similar, which could be due to experimental difficulties in determining 
precisely the minimum entrainment velocity. The onset of intermittent and continuous 
entrainment is extremely difficult to distinguish. 
Repetitions were carried out for each measurement and their numerical results and trends 
were found to be consistent. An average experimental error of ±15% for both set of data 
was estimated. 
Figure 5.1 
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Figure 5.2 
Figure 5.3 
Experimental Results and Discussion - Air-Tap Water System 
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5.3 Penetration Depth 
The effect of each experimental variable on the penetration depth has been investigated, 
and the corresponding results are presented in the following subsections. The study on the 
penetration depth in the downcomer size with Dc = 0.075 m was conducted under the 
same experimental conditions as the Dc = 0. 10 m downcomer. Due to the geometry of the 
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main reservoir tank, both downcomers had to have exactly the same height_ As a result, it 
was impossible to collect results for the smaller downcomer at some sets of experimental 
conditions, for example, with bigger nozzle sizes at the highest Reynolds numbers. Under 
these experimental conditions, the penetration depths exceeded the bottom exit and 
bubbles managed to escape from the downcomer. 
In order to theoretically predict the change of penetration depth with experimental 
variables i.e. ReN, DN, Lj and Dc, a simple model based on momentum balance on the 
flow within confined column was derived. This momentum balance equation was similar 
to that employed for the estimation of Cc (see §4.2.1): 
let HI = fjiHp, Cc = !(QL, QG), andLlPf was found to be negligible (see §4.2.1). 
Rearranging equation (5.2) gives: 
QL(Vp-UL) 
gAJI,I/ - (1- eG )] 
(5.2) 
(5.3) 
Since UL «Vp , equation (5.3) can be further simplified in terms of ReN, DN, Dc and Lj to: 
(5.4) 
The qualitative interpretation of equation (5.4) is that the penetration depth increases as 
ReN, DN, or Lj increases, but increases with decreasing Dc. However, the above equation 
is valid only provided the term [1,1/ - (1- eG )] if:. O. Numerical predicted results were not 
possible from equation (5.4) since the mean gas hold up estimation was calculated from 
(Hp-HI)IHp which always gives [1,I/-(l-eG )] = O. This equation cannot be used to 
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estimate the penetration depth, unless the mean gas hold up can be estimated 
independently. 
It is also observed that a change in the penetration depth is closely associated with the 
change in the bubble size. Thus, the variation of the bubble diameter with jet operating 
conditions Le. (db ),,= j(ReN , Lj I DN , DN ), was investigated by carrying out the 
following analysis: 
According to Evans et al. (1992), the critical Weber number, Wee, for the prediction of a 
maximum stable bubble dm, within a liquid flow can be written as (see earlier §2.5.2 for 
detail description): 
(5.5) 
yf2 is the mean square of the velocity differences between the bubble and the 
downflowing liquid (Le. a relative velocity) and it can be estimated from equation (5.6) 
below from the known average mechanical energy dissipation rate per unit mass, e (Evans 
et al., 1992), i.e.: 
(5.6) 
Q
L 
y2 
where e = p 
2 YTP 
(5.7) 
d V _I 1!D~ (I-ea) an TP- 24 tan (aj ) 
(5.8) 
Here it is assumed that the kinetic energy of the jet is dissipated in the liquid volume of 
the two-phase jet expansion cone; ll1 is the half angle of the submerged two-phase jet and 
is assumed to be 20° throughout (Moppett, 1996). As known previously, Yi = (yN2 
+2gLj) and YTP is the two-phase volume (see figure 5.6). 
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In industrial applications, the Sauter mean bubble size (db)" is of more relevance than 
maximum bubble size dm; the (db)vs is estimated instead. The relationship of (db)vs and dm 
can be represented by: 
Figure 5.6 
De12 tan Cl) 
Two phase volume, VTP 
(conical region of descending 
primary bubbles) 
Schematic of the bubble cloud dispersion used to estimate the bubble 
diameter, (db)v, 
where C2 has been shown to be a constant for a wide range of systems. A value C2 of 0.61 
was reported by Evans et al. (1992) for a confined plunging jet in a bubble column. 
Thus substitution of equation (5.6) and (5.9) into equation (5.5) and subsequent 
rearrangement gives an expression which allows estimation of (db)vs: 
(d) = C -2.5 Wee (TL ( J
3/5 
b vs 2 e 2PL (5.10) 
Therefore, (db)vs as a function of jet Reynolds number, jet length to nozzle diameter ratio 
L/DN and nozzle size DN could be evaluated (see figure 5.7 (a), (b) & (c), respectively). 
As can be seen in figure 5.7 (a), the predicted (db)vs decreases with increasing Reynolds 
number. About 200% reduction in the predicted (db)vs was obtained from ReN = 26030 to 
ReN = 78091 for the DN = 0.01523 m. This phenomenon is true for all nozzle sizes. An 
increase in Reynolds number means an increase in the plunging point velocity Vp, hence 
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the energy dissipation rate also increases, subsequently, smaller bubbles are formed. 
These smaller bubbles are then carried further down the column, resulting in a higher 
penetration depth. Similarly, the (db)v, was also noted to decrease with increasing jet 
length to nozzle diameter ratio but only slowly (see figure 5.7 (b)); a maximum decrease 
of about 40% on the (db)v, was obtained. The decrease in the (db)v, with increasing L/DN 
is also due to increase in the Vp, similar to that of increasing ReN. On the other hand, the 
effect of the nozzle size on the (db)v, was observed to be negligible (see figure 5.7 (c)). 
However, for larger nozzle sizes at a constant ReN, although the VN are smaller, liquid 
volumetric flowrates QL are relatively large, hence higher liquid superficial column 
velocities UL are present in the confined column, more larger bubbles are able to be 
carried down. 
5.3.1 Effect of Reynolds number ReN 
The penetration depth increases with increasing Reynolds number ReN for all the nozzle 
sizes and for all jet length to nozzle diameter ratios L/DN• As can be seen from figure 5.S, 
for L/DN = 15, at the lower range of ReN from about 26 030 to 45 OS5, the penetration 
depth of all the nozzle sizes fall on the same curve. There exists an almost linear 
relationship between the penetration depth and Reynolds number within this range of ReN. 
For ReN beyond 60 000, the differences in Hp were evident: the larger the nozzle size, the 
greater the penetration depth. However, the values of penetration depth for nozzles with 
DN = 0.00S02 m and 0.OO597m are almost overlapping for the whole range of ReN 
investigated. Thus, their increasing trends of Hp curves are identical. This trend is similar 
to graphs plotted for other L/DN ratios (see Appendix V). 
The reason for the increase in the Hp with increasing Reynolds number is due to the 
increased momentum of the jet. Furthermore, a higher jet momentum leads to a higher 
energy dissipation rate, which results in the formation of small diameter bubbles (see 
figure 5.7(a), §5.3). Subsequently, these small diameter bubbles are able to penetrate 
deeper into the liquid pool due to their small buoyancy forces (Moppett et al., 1995). 
5.3.2 Effect of Jet Length to Nozzle Diameter ratio L/DN 
The penetration depth appears to be independent both of L/DN and nozzle size at the Iow 
range of Reynolds number (refer to figure 5.9). This trend is somewhat similar to that of 
an unconfined system. For unconfined systems, the penetration depth decreases as the 
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LjDN increases, but it becomes constant for LjDN > 20 (Smigelschi and Suciu, 1976; 
Moppett et al., 1995). However, the penetration depth is found to increase with increasing 
LjDN and nozzle size at higher Reynolds numbers, as can be seen in figure 5.10, which is 
in total contrast to what is observed at lower Reynolds numbers. The increase in Hp with 
increasing LjDN at constant ReN could be due to the increase in the plunging point 
velocity. Again by considering the energy conservation, the longer the jet, the greater the 
plunging point velocity and the higher the dissipation energy. As a consequence, smaller 
bubbles are generated (see figure 5.7(b), §5.3). A higher penetration depth is then 
achieved. 
5.3.3 Effect of Nozzle Size DN 
From either figure 5.8 or 5.10, it is evident that increasing the nozzle inside diameter 
leads to greater penetration depth, at high Reynolds numbers. Again, it is believed that at 
a constant ReN, the increase in the nozzle size contributes to the increase in the liquid 
volumetric flowrate (UL also increases), thus more bubbles are carried down the column, 
leading to a high penetration depth. The result obtained is similar to the findings of 
Moppett (1996). 
Figure 5.8 
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5.3.4 Effect of Downcomer Size Dc 
It is known that the presence of a confining column in a plunging jet system results in a 
greater penetration depth and an increased bubble residence time, compared to an 
unconfined column operated under identical conditions. Therefore, it is expected that 
there will be a further increase in the penetration depth as the size of the confined column 
decreases (see equation (5.4), §5.3). 
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Generally, as can be seen from figure 5.11, at a constant Reynolds number, the 
penetration depth increases with decreasing downcomer size, for all the nozzle sizes. 
Under constant ReN operating conditions, the liquid column superficial velocity UL within 
the Dc = 0.075 m is greater than that of Dc = 0.10 m and thus the downward velocity of 
the bubbles also increases, dragging the bubbles deeper into the column. The deeper 
penetration depth for the smaller confined column is also a direct result of the restricted 
area available for jet expansion, forcing the bubbles to penetrate deeper into the column. 
If the penetration depth is plotted against UL (see figure 5.12), it is found that at a constant 
nozzle size and UL, the penetration depth of the larger downcomer size (Dc = 0.10 m) is 
greater than for the smaller downcomer size (Dc = 0.075 m). For this comparison at equal 
U L, the liquid volumetric flowrate supplied for the larger confined column must be higher 
than that of the smaller column. Hence, a higher jet momentum flowrate is obtained, 
which leads to a higher energy dissipation rate, resulting in the formation of the small 
diameter bubbles (see §5.3). Subsequently, these small size bubbles are able to penetrate 
deeper due to their small buoyancy forces (Moppett et al., 1995). The above explanation 
also holds for the trend of the increase in the Hp with increasing Reynolds number (as 
discussed previously in §5.3.1). 
For the results of the penetration depth versus jet length to nozzle diameter ratio, it was 
not possible to plot all the experimental data for all the nozzle sizes collected for both 
downcomer sizes onto the same graph as the results are overlapping and thus difficult to 
distinguish. Therefore a set of graphs was plotted for a single nozzle size i.e. DN = 
0.00597 m with increasing Reynolds number (see figure 5.13 (a), (b), (c), (d) & (e)). 
From figure 5.13 (a) & (b), i.e. at Reynolds numbers ReN = 26030 and 36812, both 
penetration depths are rather similar and are virtually independent of the downcomer size. 
As was observed during the experiments, at such low Reynolds numbers operations, the 
amount of gas that is entrained is also low, producing small bubble clouds which have 
relatively less interaction with the walls of both downcomer sizes. For this reason, similar 
results were obtained. However as the Reynolds number increases (see figure 5.13 (d) & 
(e) for ReN = 58206 & 68870), the penetration depths are greater in the smaller Dc 
column than in the larger column. At the higher ReN, a larger flowrate of gas is entrained, 
causing the formation of a larger bubble cloud. The interaction of the bubble cloud with 
the walls of the downcomers has now become significant. The effect of downcomer size 
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on penetration depth, plotted against all other experimental variables can be found in 
Appendix V. 
Also, as can be seen from the figures in Appendix V, the effects of the nozzle size, 
Reynolds number as well as the jet length to nozzle diameter ratio on the penetration 
depth are almost similar for both downcomer sizes. The reasons for these effects have 
been discussed and presented in the previous sections. 
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5.3.5 Comparison of the Bubble Penetration Depth 
Hitherto, no empirical correlation of the bubble penetration depth has been published for 
confined systems and the literature includes only qualitative descriptions. Thus, the 
present experimental data for penetration depths obtained in the confined column (Dc = 
0.10 m) was compared with the power-law empirical correlations suggested by McKeogh 
and Ervine (1981), Bin (1993) and Moppett (1996) (see §2.7.1) obtained in unconfined 
systems (see figure 5.14). For comparison, their original correlations have been 
manipulated into the dimensionless form of equation (2.30), §2.7.1. 
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In figure 5.14 , most of the present experimental data, especially those of low Froude 
numbers (for each nozzle size) was noted to give a reasonable agreement with the 
correlations as found by McKeogh and Ervine (1981), Bin (1993) and Moppett (1996). 
This is due to the fact that for low jet velocities and, low liquid column superficial 
velocities, there is a weak interaction of the bubble cloud with the wall column, resulting 
in only an slight increase in the penetration depth. At higher Froude numbers (for each 
nozzle size), the data compared poorly with the unconfined jet correlations. The 
dimensionless penetration depth in the confined column at the higher range of Froude 
numbers was observed to increase sharply (a similar trend was also obtained for different 
nozzle size). This trend is predictable due to the restricted area for the jet expansion in a 
confined jet. As the nozzle velocity increases, the bubbles are dragged to greater depths 
due to the increasingly much stronger downward liquid column superficial velocity 
compared to the unconfined systems. It's worth noting that the effects of the confining 
walls are to increase Hp; Moppett's (1996) and Bin's (1993) correlations therefore form 
lower limits for Hp in confined systems. 
A comparison of the dimensionless penetration depth obtained at a constant DN = 0.00597 
m, for the smaller confined column (Dc = 0.075 m), with those of Dc = 0.10 m and the 
three correlations was also presented (see figure 5.15). Similarly, at low Froude numbers, 
the HplDN agrees reasonable agreement with the data obtained from Dc = 0.10 m and the 
unconfined correlations obtained by McKeogh and Ervine (1981), Bin (1993) and 
Moppett (1996). However at higher Froude numbers, the data of the smaller column 
deviated from those of larger column, as well as the correlations, to a greater extent. It can 
be concluded further decrease in the column size gives rise to deeper penetration depth 
due to a much higher downward liquid column superficial velocity. 
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As mentioned in the earlier section, no empirical correlations for the bubble penetration 
depth have been published for confined systems. From the comparison made earlier, it 
can be concluded that the penetration depth is not only a function of Froude number but 
also it also depends on the nozzle size, the jet length to nozzle diameter ratio and the 
column size; i.e_ it can be written that Hp = f(Frc, DN I Dc, Lj I DN). An attempt was 
thus made to correlate the penetration depth with these parameters by a least square fit 
method; a correlation was produced: 
( J
-1.34( L J0.l2 
Hp = 5.585 FriJl ~: D~ (5.11) 
where Frc = Ud(gDc)°.5. The above correlation is valid for: 0.00597 $l)N $, 0.01523 m; 5 
:s; L/DN $, 35, 26030 $, ReN:S; 7809; 0.075 $, Dc:S; 0.10 m , and is accurate within ±35% 
(see figure 5.16). 
The correlation can be rearranged in a dimensional form, to give: 
H - 0502 V 2.11 D2.76 Lo.12 D-3.94 p-. N N j C (5.12) 
As can be concluded from the equation (5.12), the penetration depth increases with 
increase in either VN, DN and Lj , with greater dependency on nozzle exit velocity and 
nozzle size. On the other hand, a slight decrease in the column diameter could result in a 
large increase in the penetration depth. A greater penetration depth in a confined column 
is a direct result of the limited area for the expansion of the bubble dispersion cloud upon 
striking on the pool surface (§2.7.2). Hence, as the column size gets smaller, a deeper 
bubble penetration depth is achieved. 
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5.4 Mean Gas Hold up 
The mean gas hold up £0 of the bubble cloud was estimated from methods (1) and (2), as 
described earlier in §4.2. The penetration depth Hp is an essential measurement in the 
determination of the gas hold up. Generally, a greater penetration depth coincides with a 
larger gas hold up. The mean gas hold ups were determined, based on the average values 
of the penetration depth and other measured liquid heights and were collected for both 
confined column sizes, Dc of 0.10 m and 0.075 m. A comparison of the mean gas hold up 
obtained using both methods is included in §5.4.1, followed by a discussion on the results 
obtained from method (1), Le. momentum balance method. 
The use of water manometers in measuring the mean gas hold up as described in §4.2.2 
(method 2) encountered some difficulties under. certain operating conditions. At high jet 
velocities, the readings of the water levels in the first few manometer glass tubes, near to 
the plunging point, were difficult to read, due to the fluctuating water levels. At high jet 
velocities, a fast moving bubble cloud was clearly observed which could lead to an 
unstable axial pressure profile along the confined column. In addition, the region of the 
two-phase jet expansion beneath the plunge point, together with the liquid surface 
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circulation resulting from the interaction with the column wall also contributed to the 
errors in the holdup obtained from the manometer measurements. These effects were less 
severe at distances further from the plunging point, where there is a fully developed liquid 
velocity profile. These measurements errors were minimized by averaging a few readings 
taken for each of the pressure tapping. The average gas hold up for the whole section of 
the bubble cloud dispersion was then obtained by averaging all the gas hold up 
measurements obtained by each pair of pressure tappings. At very low liquid flowrates, 
the manometer is not capable of measuring the gas hold up accurately as the gas 
entrainment rate is small and only a few bubbles occupy the core of the confined column. 
5.4.1 Comparison of the Gas Hold up Measurements between Manometric and 
Momentum Balance Methods 
Despite the fluctuations and errors involved in evaluating the gas hold up via the 
manometric method, most of the results show very good agreement with those obtained 
from measurement of the height of the bubble cloud dispersion (via a momentum 
balance) (see §4.2). 
In figure 5.17, the average gas hold ups measured for both methods at a constant jet 
length to nozzle diameter ratio, L/DN = 35, using a nozzle diameter, DN = 0.00802 m are 
compared. The discrepancy between the two methods is less than ±4%. Similarly, in 
figure 5.18, the percentage difference in the average gas hold up obtained from both 
methods at a constant Reynolds number, ReN = 68870, using a nozzle diameter, DN = 
0.01037 m amounts to only ±6%. Therefore, it can be concluded that both methods 
employed are suitable for evaluating the mean gas hold up in a confined plunging liquid 
jet system. The problems associated with the manometric method, as discussed earlier in 
§5.4, might be overcome by using either smaller diameter pressure tappings, or increasing 
the number of pressure tappings in the downcomer column. 
As a whole, all the trends of gas hold up results obtained from this manometric method 
are similar to those evaluated from the estimation of the height of the bubble cloud 
dispersion. Other results, which show the comparison of the gas hold up between the two 
methods can be found in Appendix VI. 
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5.4.2 Effect of Reynolds number ReN 
In figure 5.19, the gas hold up increases with increasing Reynolds number. As discussed 
later in §5.6, the surface roughness increases with increasing Reynolds number, and so a 
greater amount of gas is entrained. Hence, the gas hold up increases. 
5.4.3 Effect of Jet Length to Nozzle Diameter ratio LjDN 
In figure 5.20, the gas hold up increases with increasing jet length to nozzle diameter ratio 
LfDN at constant Reynolds number. In this case, even though the Reynolds numbers are 
held constant, with increasing LjDN, there is a greater time for growth of the surface 
disturbances. The amount of the gas entrained is expected to be directly related to the 
amplitude of the surface disturbances at the plunge point (Kusabiraki et al., 1992). 
Therefore, it can be concluded that longer jet lengths, with larger amplitude of surface 
disturbance can entrain a greater amount of air than shorter jet lengths, giving rise to a 
greater gas hold up. However, the gas hold up appears to be flattening off at L/DN> 25, 
similar to the gas entrainment rate results (§5.8). Presumably because there isn't much 
change in surface roughness for LjDN > 20 - 30. 
5.4.4 Effect of Nozzle Size DN 
In either figure 5.19 or 5.20, the gas hold up increases with increasing nozzle size. In the 
experimental results discussed later in §5.6, it was found that larger nozzle sizes had a 
greater surface roughness, which entrains more air into the liquid pool. In addition, a 
larger nozzle inside diameter DN, leads to larger plunging point jet diameter, D p , which 
also produces a greater entrainment rate, i.e. QG is related to both the amplitude of the 
surface roughness and the perimeter length at the plunge point. Consequently, the gas 
hold up increases with increasing nozzle size. 
All the results discussed in §5.4 were found to be reproducible; repeat experiments were 
conducted and are compared in Appendix VI. 
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Figure 5.19 Mean gas hold up EG versus Reynolds number ReN at jet length to nozzle 
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Figure 5.20 Mean gas hold up EG versus jet length to nozzle diameter ratio L/DN at 
Reynolds number ReN = 68870 
5.4.5 Effect of Downcomer Size Dc 
As can be seen from figure 5.21, the gas hold up of the smaller downcomer size is 
considerably higher than that of the larger downcomer size at a constant Reynolds 
number, for all nozzle sizes. As discussed previously at a constant Reynolds number, the 
liquid column superficial velocity UL is greater in the smaller diameter column and so 
bubbles are carried to greater depths; this also increases the bubble residence time and 
consequently, the gas hold up increases. The mean gas hold up as high as 0.50 was 
achieveable for both columns at higher Reynolds numbers, which is beneficial for mass 
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transfer. No data could be collected in the smaller column for the higher range of 
Reynolds numbers investigated, as the Hp was approaching the bottom of the column, 
with the bubbles started to escape into the main tank (see figure 5.21). 
Figure 5.22 shows the mean gas hold up plotted against the liquid column superficial 
velocity UL: at a constant nozzle size (DN = 0.00597 m) and UL, the gas hold up increases 
with increasing downcomer size. This is because at equal UL, the liquid volumetric 
flowrate supplied to the larger confined column must be greater than that of the smaller 
column (thus higher Reynolds number), thus a higher jet momentum, with a higher 
energy dissipation rate, is achieved. Small diameter bubbles are therefore generated when 
the jet impacts onto the liquid pool (see earlier §5.3). These small size bubbles are then 
able to penetrate deeper, resulting in an increase in the bubble residence time and hence 
the gas hold up also increases. This reason is similar to that of the increase in the 
penetration depth with increasing downcomer size at constant UL, as discussed in §5.3.4. 
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Figure 5.21 Mean gas hold up t{; versus Reynolds number ReN at jet length to nozzle 
diameter ratio L/DN = 25 [DCl (confined column diameter) = 0.10 m; 
DC2 = 0.075 m] 
The present results are found to be consistent with previous reports by Yamagiwa et al. 
(1990). Other workers such as Ohkawa et al. (l986a, 1987c) and Evans (1990) also have 
carried out extensive research on the studies of the downflow plunging jet bubble column 
system with different column sizes. They also found that at a constant U Land DN, the gas 
hold up t{; increases with increasing downcomer size. 
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5.4.6 Correlation of Mean Gas Hold up 
Very few correlations for the gas hold up in a confined plunging jet system are available 
in the literature. As given earlier in §2.6.2, a correlation was produced by Yamagiwa et 
al. (1990), in relation to the experimental variables investigated. Therefore, an attempt 
was made to correlate the present data in a form similar to that of Yamagiwa et al. 
(1990)'s; a correlation was then produced: 
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( )
-0.55 (L )0.31 
e = 2.32xl0-3 Fr. 1.15 Reo.54 DN _j 
G CND D 
C N 
(5.13) 
where Frc = UJ(gDc)°·5. The above correlation is valid for: 0.00597 g)N::;; 0.01523 m; 5 
::;; L/DN::;; 35, 26030::;; ReN::;; 7809; 0.075 ::;; Dc::;; 0.10 m, and is accurate within ±25% 
(see figure 5.24). 
If the correlation is written in a dimensional form, it gives: 
e -1 085 V 1.69 DI.98 Lo.31 D-2.33 G-' N N j C (5.14) 
It can be deduced that the mean gas hold up increases with increase in either VN, DN and 
Lj ; whereas, a decrease in the column diameter leads to an increase in the mean gas hold 
up. As discussed earlier in §2.6.2, the presence of the column wall limits the area 
available for the expansion of the bubble dispersion cloud, leading to a greater penetration 
depth. Hence, as the colunm size gets smaller, a deeper bubble penetration depth is 
achieved. Consequently; the bubble residence time increases and the gas hold up also 
increases. 
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5.5 Bubble Size and Flow Pattern 
In the present study, experimental measurements of the bubble size distributions were not 
possible, due to the fact that the bubbles are translucent and are in relatively fast motion. 
From observations, the mean bubble size appeared to be nearly constant throughout the 
whole range of operating conditions. An effort was made to measure approximately the 
bubble sizes from the photographs although in many cases it was difficult to distinguish 
individual bubbles. The bubble diameters seemed to vary between 3 to 4 mm, which fall 
in the range found by many other authors e.g. Ohkawa et al. (1987a) and Smigelschi and 
Suciu (1976) (see figure 5.25 (a) & (b». 
Changes in the flow pattern within the confined column with increasing Reynolds number 
were noted. At very low flowrates, intermittent gas entrainment was observed, but with 
increasing liquid flowrate, the gas entrainment became continuous and a clearly defined 
conical shape of bubble cloud was formed. The secondary bubbles rose to the liquid 
surface, coalesced with other bubbles and finally disengaged at the top of the column. A 
further increase in the liquid flowrate resulted in the disappearance of the conical volume 
of bubbles; the lateral growth ofthe increasingly dense bubble cloud was restricted by the 
confined column. Keeping the jet length constant throughout, with a further increase in 
the jet flow, a greater depth of bubble cloud was achieved. The coalescence and 
disengagement of bubbles were increasingly rapid, as can be vividly observed around the 
liquid plunging point. Moreover, bubbles within the cloud moved vigorously in a random 
manner. Large numbers of extremely small bubbles were visible at the bottom of the 
bubble cloud i.e. at the greatest bubble penetration depth. These bubbles moved at a 
relatively low speed down the column towards the column exit and finally escaped to the 
surrounding liquid pool. The above description applies for all combinations of jet length, 
nozzle size and Reynolds number. Figure 5.26 shows a sketch of the changes in flow 
pattern within the confined column, with increasing Reynolds number. 
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Figure 5.25 Air-Tap water system at DN = 0.01523 m, at LjDN = 15 and Reynolds 
number, ReN: (a) 26030 & (b) 58206. 
nozzle Liquid jet 
Increasing Reynolds number 
Figure 5.26 A sketch on the change of flow pattern in the confined column as the 
Reynolds number increases 
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5.6 Jet Surface Roughness 
Figure 5.27 (a) to (g) presents measurements from a series of jet pictures at increasing 
Reynolds number with a nozzle inside diameter, DN = 0.01523 m (similar figures at 
various other jet operating conditions are included in Appendix VII). At a very low 
flowrate (Reynolds number, ReN = 6967), the jet was relatively smooth (see figure 5.27 
(a». The jet contracted slightly when it travelled further away from the nozzle exit, due to 
an increase in the jet velocity, corresponding to a decrease in the potential energy as it 
approached the pool surface. With further increases in the Reynolds number, the 
amplitude of the surface disturbance increased, as can be seen from figure 5.27 (b) to (g). 
Apart from that, the surface roughness also increased with increasing jet length. In the 
present study, the surface roughness is characterised using a similar approach as 
Kusabiraki et al. (1992), i.e. simply by taking the average length of the upper and lower 
edges (Le. La = (Lu + L{)/2) as a function of the corresponding jet length as shown in 
figure 5.27 (a), or as described earlier in §4.3). 
A graph of dimensionless average jet surface length LalLj versus Reynolds number with 
increasing LjDN at similar operating conditions to figure 5.27, is plotted as figure 5.28. 
As can be seen from this figure, LalLj increases with increasing Reynolds number at a 
constant LjDN, due to an increase in the magnitude of the jet surface instabilities. 
Furthermore, in figure 5.28, the LalLj was noted to increase with increasing LjDN, but 
becomes independent of LjDN for LjDN ;:: 25. This showed that the surface instabilities 
increase in magnitude as they travel down towards the plunging point, with a fully 
developed jet surface amplitude achieved at L/DN '" 25. Similarly, in figure 5.29, the LalLj 
increases with increasing LjDN, but it tends to level off at LjDN'" 25. In this figure, it can 
also be noted that the higher the Reynolds number, the rougher the jet becomes (as was 
discussed earlier). At low Reynolds numbers, the LalLj increases mildly with increasing 
L/DN but increases rapidly as the Reynolds number is further increased. These plotted 
results are consistent to what has been found previously by Ohkawa et al. (1986a). 
Kusabiraki et al. (1992) reported that (La-Lj)/Lj and gas entrainment ratio QdQL vary in a 
similar way with Froude number, nozzle length to diameter ratio LNIDN and the liquid 
properties, Ild{fJr.aIf)N). Their results show clearly that a change in (La-L¥Lj has a direct 
effect on the gas entrainment rate QG. 
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In addition, a graph of LJLj against nozzle exit velocity VN is also plotted in figure 530_ 
This particular graph has a similar trend to the graph of air volume entrained as a function 
of nozzle diameter and velocity plotted by Van de Sande and Smith (1973) and Ohkawa 
et aL (l987c)_ Again this suggests the existence of a close relationship between LJLj and 
gas entrainment rate. It can be seen from this figure, LJLj increases with increasing VN (as 
was discussed earlier). It is noted that at a constant nozzle exit velocity, the larger the 
nozzle size, the larger the amplitude of the surface disturbances. This trend is true for 
every nozzle size. However, it is also noted that LalLj is almost independent of DN at the 
lower range of jet velocities. This trend can be clearly seen in figure 531; the effect of 
changes in nozzle diameter on LalLj at low Reynolds numbers is very small. This effect 
becomes stronger as the Reynolds number increases. 
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5.7 Gas Entrainment Rate: Unconfined System 
Gas entrainment rate measurements were collected for an unconfined plunging liquid jet 
system using the same experimental apparatus and methods that were applied to the 
confined system (refer to figure 3.6, §3.8.1). Figures 5.32, 5.33 and 5.34 show how the 
gas entrainment rates vary with the Reynolds number ReN, the jet length to nozzle 
diameter ratio L/DN and the nozzle size DN. It will be shown that the trends of each 
experimental variable on the gas entrainment rate are very similar to those obtained in 
confined systems (§5.8). The following subsections discuss the effect of each of these 
experimental variables on the gas entrainment rates. 
5.7.1 Effect of Reynolds number ReN 
From figure 5.32, it can be seen that the gas entrainment rate at a constant L/DN increases 
with increasing Reynolds number. The increase in the gas entrainment rate is mainly due 
to the increase in the jet surface roughness as the Reynolds number increases, as was 
discussed in §5.6. 
5.7.2 Effect of Jet Length to Nozzle Diameter ratio LjDN 
In figure 5.33, the gas entrainment rate is seen to increase with increasing jet length to 
nozzle diameter ratio L/DN. The amplitude of the jet surface roughness is known to 
increase with increasing jet length (see figure 5.29, §5.6); the rougher the jet surface and 
the higher the rate of gas entrainment. This increasing trend is observed up to about a 
L/DN ratio of 25. Beyond this ratio, the gas entrainment rates seem to level off. A fully 
developed amplitude of the surface roughness at that particular jet length to nozzle 
diameter ratio might be the reason for such behaviour. Figure 5.34 of the gas entrainment 
rate plotted against Reynolds number at a constant nozzle diameter also displayed similar 
trends (see figure 5.28, §5.6). 
5.7.3 Effect of Nozzle Size DN 
In general, it can be concluded that the larger the nozzle size, the greater the gas 
entrainment rate (see figure either 5.32 or 5.33). It is proposed that this is due to the larger 
perimeter of the circular liquid jet at the plunging point as the nozzle size increases, 
which provides greater area of contact, and hence greater air entrainment rate. However, 
at the lowest Reynolds number (ReN = 26030), the gas entrainment rates are noted to be 
almost independent of the nozzle sizes. This may be due to the similarity in the jet surface 
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roughness (see figure 5.29, §5.6). On the other hand, the gas entrainment rates for the 
three larger nozzle sizes (Le. DN = 0.01523, 0.01223 and 0.01037 m) are rather similar 
throughout the range of the Reynolds numbers under investigation. This is especially true 
at higher Reynolds numbers (refer to figure 5.32 and 5.33). 
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Figure 5.32 Gas entrainment rate Qa versus Reynolds number ReN at a constant jet 
length to nozzle diameter ratio L/DN = 35 (unconfined system) 
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Figure 5.34 Gas entrainment rate Qo versus Reynolds number ReN at a constant nozzle 
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5.8 Gas Entrainment Rate: Confined System 
Gas entrainment rate measurements were also collected for the confined plunging liquid 
jet systems, using downcomers with, Dc = 0.10 and 0.075 m. Again, the effects of the 
Reynolds number ReN, the jet length to nozzle diameter ratio L/DN and the nozzle size DN 
on the gas entrainment rate were investigated. It was found that the trends of the gas 
entrainment rate were broadly similar to those obtained in unconfined systems. The 
following section discusses the results obtained. 
5.8.1 Effect of Reynolds number ReN 
As can be seen from the figures 5.35 (a) and (b), at a constant jet length to nozzle 
diameter ratio L/DN' the gas entrainment rate increases with increasing Reynolds number 
for both column sizes. This was mainly due to the increase in the jet surface roughness as 
the Reynolds number increases, resulting in a greater amount of occluded air being 
entrained per unit time at the plunging point. 
5.8.2 Effect of Jet Length to Nozzle Diameter ratio L/DN 
In either figure 5.36 (a) or (b), the gas entrainment rates were found to increase with jet 
length to nozzle diameter ratio L/DN• Again, this is due to the growth in the amplitude of 
the jet surface roughness as L/DN increases, leading to higher rates of gas entrainment,for 
L/DN< - 25. For L/DN> - 25, the gas entrainment rates seem to level off (similar results 
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are also shown in figures 5.37 (a) and (b». This is consistent with the observation that for 
LjDN> 25 ; the jet length has no significant effect on the amplitude of the jet surface 
roughness (see figure 5.28 or 5.29, §5.6). However, this trend is not true for the highest 
Reynolds number i.e. ReN = 78090 investigated (see figure 5.38 (a) and (b». The gas 
entrainment rate at this Reynolds number was found to continually increase with 
increasing LjDN even beyond a ratio of 25. This is especially true for the smaller 
downcomer size i.e. Dc = 0.075m. One possible reason could be that the presence of the 
confined column may generate stronger circulations and inward radial velocities at the 
liquid free surface. Thus, this phenomenon may contribute to a further increase in the gas 
entrainment rate at the jet impinging point. 
5.8.3 Effect of Nozzle Size DN 
For a constant LjDN' at Iow Reynolds numbers, the gas entrainment rates were not much 
affected by the nozzle size: the larger the nozzle size, the greater the gas entrainment rate 
(again refer to figure 5.35 (a) and (b». This may be attributed to the larger perimeter of 
the circular liquid jet at the plunging point, which provided greater area of contact, and 
hence greater rate of air being entrained. 
5.8.4 Effect of Column Size Dc 
Generally it was observed that an effect of the downcomer size on the gas entrainment 
rate was relatively small (for both Dc of 0.10 and 0.075 m diameters). A typical effect of 
the column size (including that of unconfined system) on the gas entrainment rates with 
increasing Reynolds number is given in figure 5.39. The gas entrainment rates collected 
for both downcomer sizes throughout the jet operating conditions investigated are found 
to be rather similar, i.e. almost independent of the downcomer size, especially at higher 
Reynolds numbers. This observation was similar to that by Yamagiwa et al. (1990) who 
found that over a range of high jet velocities there was no significant effect of the 
confined column diameter (Dc from 0.034 to 0.070 m) on the gas entrainment rate. This 
indicates that the gas entrainment rate for confined jets is mainly based on the jet 
conditions, i.e. jet kinetic energy and surface roughness. They also concluded that for 
higher jet velocities, the gas entrainment rates achieved in a confined column were almost 
identical to the rates attained for a jet issuing into an unconfined column, operating under 
identical conditions. On the other hand, the gas entrainment rates measured for Iow 
velocity jets issuing into confined columns (Dc from 0.02 to 0.026 m) have been found to 
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be 25% to 60% greater than for a conventional plunging jet discharging into an 
unconfined column, when performed under identical operating conditions (Ohkawa et aI., 
1986a). 
Apparently, the present results are in disagreement with previous findings where the gas 
entrainment rate measured for unconfined column were consistently higher than those 
obtained by confined columns (see figure 5.39). Despite this inconsistency, the present 
gas entrainment rate results for unconfined column agreed very well with Bin (1984), s 
unconfined results (see §5.9.1). The results for the confined columns were also compared 
with the results of Yamagiwa et al. (1990) (see later in the §5.9.2). The measurement of 
the gas entrainment rate into confined columns, as conducted by Bin (1984) and 
Yamagiwa et al. (1990) involves measuring the volume of gas, which is carried under the 
bottom of the downcomer i.e. entrainment minus disentrainment. On the other hand, the 
present research measured the gas that is entrained into a stationary bubble cloud. 
Therefore, it may be concluded that the jet surface roughness is a major factor in affecting 
the gas entrainment rates. The jet surface roughness itself is a function of the two main 
variables investigated i.e. Reynolds number ReN and jet length to nozzle diameter ratio 
LfDN (as was discussed previously in §5.6). The gas entrainment rates are observed to be 
affected by the column size Dc by altering the liquid surface circulation near the plunging 
point. The gas entrainment rate may either increase or remain unchanged with the 
insertion of a column, depending on the range of column size and jet velocity studied. 
More figures, showing the effect of the full set of experimental variables on the gas 
entrainment rate, for the confined systems, can be found in Appendix VIII. 
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Figure 5.35 Gas entrainment rate Qa versus Reynolds number ReN at a constant jet 
length to nozzle diameter ratio LjDN = 35: (a) with column diameter, Dc = 
0.10 m; (b) with column diameter, Dc= 0.075 m. 
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Figure 5.36 Gas entrainment rate QG versus jet length to nozzle diameter ratio L/DN at 
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177 
Chapter 5 Experimental Results and Discussion - Air-Tap Water System 
(a) 
7.00E-04,--------------------, i 6.00E-Q4 -+- LJIDN = 12 
-11- LjlDN = 25 
8 5.00E-04 -.- LjlDN = 35 
" e 4.00E-04 
1': 
~ 3.00E-04 
c: 
.~ 2.00E-04 
5i 
~ 1.00E-04 
Cl 
O.OOE+OO +---,---,---r--,.----.--~-.._-"T""--l 
7.00E-04 
Ui' 6.00E-04 ;;-
.s. 
8 5.00E-04 
" e 4.00E-04 
1': 
" 3.00E-04 E 
c: 
'e 2.00E-04 1': 
" ~ 1.00E-04 
Cl 
O.OOE+OO 
o 10000 20000 30000 40000 50000 60000 70000 80000 90000 
0 
Reynolds number Re N 
-+-LJIDN = 12 
___ LjIDN = 25 
-.-LJIDN = 35 
(b) 
10000 20000 30000 40000 50000 60000 70000 80000 90000 
Reynolds number Re N 
Figure 5.37 Gas entrainment rate QG versus Reynolds number ReN at a constant nozzle 
diameter DN = 0.01523 m: (a) with column diameter, Dc = 0.10 m; (b) 
with column diameter, Dc = 0.075 m. 
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5.9 Gas Entrainment Rate Correlation 
Two correlations are presented here: one for the unconfined system, and the other for the 
confined system. For the unconfined system, the correlation was derived by incorporating 
the experimental variables, i.e. the Froude number and jet length to nozzle size ratio, as 
suggested by Bin (1984). On the other hand, the equation obtained for the confined 
system, was correlated in the form recommended by Yamagiwa et al. (1990). 
5.9.1 Unconfined System 
The experimental data collected for the unconfined system were compared to the Bin 
(1984) who suggested that the entrainment ratio QclQL' should depend on the jet Froude 
number and the jet length to nozzle size ratio, for vertical jets of the air-water system, as 
can be seen in the equation (5.15): 
( 
L JO .. QG = 0.04Fr 0.56 _j 
QL DN 
(5.15) 
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Bin (1984) claimed that the above correlation gives good agreement with the data of other 
workers provided that L j / DN :5 100, LN / DN ~ 10 and Fr 056 (Lj / DN )0.4 ~ 10 (only the 
gas entrainment rate (not net) was measured by Bin (1984)). 
The present experimental conditions are found to be well within the recommended ranges 
of Bin's (1984) correlation, and so a direct comparison could be made, as shown in figure 
5.40. In this figure, it can be seen that all the experimental data agree very well to within 
±20% with the correlation of Bin (1984), although some systematic variations are evident. 
As mentioned earlier, due to the good agreement of the present experimental data and Bin 
(1984)' s correlation, a least square fit to the present data was calculated using an equation 
of the form: 
(5.16) 
where Fr= Vp/(gDN )0.5, Vp = (V/+2gLi I2 andAu,p & q are fitted parameters. 
Using the Solver in Excel, the sum of the square errors was minimised to yield: 
( 
L J0.45 QG = 0.067 FrO.34 _i 
QL DN 
(5.17) 
Equation (5.17) is valid for: 0.00597:5 DN:5 0.01523 m, 26030:5 ReN:5 78091, 12:5 LiDN 
:5 35 and LNIDN = 15, and applies only for the unconfined systems. 
Figure 5.41 is a plot of the entrainment ratio (QdQL), comparing between the 
experimental results and those predicted by the correlation. The correlation is found to be 
accurate within ±15%. In equation (5.17), the exponent of 0.45 for LiDN; is very similar 
to that in Bin's correlation, i.e. 0.40. The exponent of 0.34 on the Froude number was 
slightly lower than that obtained by Bin (1984). In conclusion, both correlations can be 
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accurately employed to estimate the gas entrainment rate in an un confined plunging jet 
system, provided the ex perimenta l conditions investigated fall s within the present range. 
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5.9.2 Confined System 
The experimental data collected for the confined system is compared to the results of 
Yamagiwa et al. (1990), who suggested that the entrainment ratio QdQL could be 
correlated against the jet Froude number, the Reynolds number and the jet length to 
nozzle diameter ratio, for vertical jets in an air-water system. They also found that the gas 
entrainment rate is independent of the downcomer size at high liquid throughput. 
However, it has to be noted that the correlation of Yamagiwa et al. (1990) was based on 
the entrainment rate involving the carry down of bubbles, which was different to the 
present measurement, which involved entrainment only. 
Equation (5.18) shows the correlation obtained by Yamagiwa et al. (1990): 
( L J
O
.
48 
QG = 2.24xlO-3 FrO.40 ReO.26 -j 
QL DN 
(5.18) 
where Fr = VN/(gDN)O.5; and the range of applicability of eq. (5.18) is: 0.008 S; DN S; 0.02 
m, 0.030 S; Lj S; 0.150 m, 0.034 S; Dc S; 0.070 m and 3. 17xW-4 S; QL S; 2.00xl0-3 m3/s. This 
validity range is rather small in comparison to the present experimental conditions 
because of its relatively short jet lengths. Therefore, only the present experimental data 
which falls within the range is compared directly to the results obtained by this 
correlation. It must also be noted that this comparison is for a downcomer size of Dc = 
0.075 m only, as it lies closest to the investigation range of Yamagiwa et al. (1990). 
Figure 5.42 is a plot for the comparison of the relevant experimental data and those 
predicted from the equation (5.18). The present experimental data are noted to agree 
reasonably well with the correlation proposed by Yamagiwa et al. (1990), despite the 
difference in the gas entrainment rate measured. 
A correlation was therefore attempted by fitting all the present experimental data in a 
form similar to the correlation of Yamagiwa et al_ (1990). The method of correlation for 
the confined system is exactly the same as that of the unconfined system, Le_ by applying 
the least square fit method. 
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The form of the present correlation is thus given as: 
(5.19) 
where ReN = DNVNpd,.LL andAc, A, B & C are fitted constants. Using the Excel Solver, the 
following equation was obtained: 
(5.20) 
This correlation is valid for the present range of the experimental conditions, i.e. similar 
to the applicable range for the correlation of the unconfined system given earlier 
(equation (5.20», for both confined columns (Dc of 0.10 and 0.075 m). Figure 5,43 shows 
a plot of the entrainment ratio (QdQL) comparing all the experimental results and those 
predicted by the correlation. This correlation is accurate within +35% and -20%. 
Again, despite the difference in the gas entrainment rate collected, the exponent obtained 
for L/DNin the present correlation is almost the same as that of Yamagiwa et al. (1990). 
Each has a value of 0,47 and 0,48, respectively. The value of the exponent on the 
Reynolds number in the present correlation appears to be slightly lower, i.e. an exponent 
of 0.20 compared to 0.26 as in equation (5.20). While a considerably lower exponent of 
0.27 was obtained on Froude number for the present correlation if compared to 0,40 as 
obtained by Yamagiwa et al. (1990). 
184 
Chapter 5 Experimental Results and Discussion - Air-Tap Water System 
0.60 
0.60 
) 
• ~
• 0.40 
..!. 
~ 
0 • • • 
-
'" £ Dc = O.075 m 
0.20 · 
• LVON = 12. ON = 0.01223 m 
• LYON = 12. ON = 0.01037 m 
- - _ . Yamagiwa et at. (1990)'5 corretation 
O.OO +--------~-------~-------~ 
100 150 200 250 
Figure 5.42 Comparison of the present experimental data to Yamagiwa et al. ( 1990)'s 
correlation 
1.0000 
0.9000 
0.8000 • 
" 0.7000 · 
C E 0.6000 
" ! 
= 0.5000 
""3' 
~ 0.4000 
!:!. 0.3000 
02000 
0.1000 . 
,. 
• 
• 
, .' 
.,. 
• DC = 0.075 m 
o DC = 0.100 m 
- - y=x 
0.0000 ¥=--~-~~-~--~--~--~--~--~--~--, 
0.0000 0.1000 02000 0.3000 0.4000 0.5000 0 .6000 0 .7000 0.8000 0.9000 1.0000 
(Q c;/Q dco".latlon 
Figure 5.43 The experimental entrainment ratio (Qd QI)expenmenlat versus the 
entrainment ratio evaluated by the correlation (Qd QL)com:lation for all the 
experimental conditions (confined system, D = 0.075 m) 
185 
Chapter 5 Experimental Results and Discussion - Air-Tap Water System 
5.10 Gas Entrainment Rate Model 
The gas entrainment model described in §4.3, was used to estimate the gas entrainment 
rates at jet length to nozzle diameter ratios of L/DN = 12 and 30. Some of the gas 
entrainment rates estimated by this model, agreed very well with the experimental data. 
However, most of the results were overpredicted, as is discussed below. 
Figures 5.44 (a), (b), (c), (d) & (e) show that at L/DN = 12 and varying nozzle size and 
Reynolds number, the gas entrainment rates estimated by the model were always greater 
than the experimental measurements. A better agreement was noted at the lower Reynolds 
numbers. The discrepancy between both results was seen to increase as the Reynolds 
number increases, for all the nozzle sizes; with an average difference of about 30%. 
As for the larger jet length to nozzle diameter ratio i.e. at L/DN = 30 (see figure 5.45 (a), 
(b), (c), (d) & (e», the predicted results of the gas entrainment rates from the model agree 
very well with the experimental measurements, especially at the lower Reynolds number 
i.e. from ReN = 26030 to 58206. However, for the higher range of Reynolds number, the 
difference was seen to increase significantly; similar to those obtained at L/DN = 12. The 
average difference of both results obtained by the model and the experiments, was about 
17%. This is true for all the nozzle sizes. 
Such discrepancy in both results may be attributed to the present gas entrainment rate 
measurement method, where the liquid levels (bubble froth level) within the measuring 
column as well as that in the confined column were fluctuated continually. The soap film 
within the soap film meter was also observed to fluctuate. These fluctuations were noted 
to increase as Reynolds number increases; these phenomena may then result in the 
difficulty in recording accurate liquid levels and distance travelled by the soap film. Thus, 
the discrepancy increases as the Reynolds number increases. 
Furthermore, as mentioned earlier in §4.3, the estimation of the gas entrainment rate at a 
particular experimental operating conditions was based on a single isolated analyzed 
photo taken outside the confined column. It is thought that the interaction of the liquid jet 
at the plunging point to the confined liquid pool surface may significantly affect the 
entrainment mechanism and hence the rate of gas being entrained. As discussed 
previously §5.8.2, the confined jets may generate stronger circulations and inward radial 
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velocities at the liquid free surface; with the effect increasing with increasing Reynolds 
number. Thus, this phenomenon may contribute to an appreciable difference in the gas 
entrainment rate measured at the jet impinging point. 
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5_11 Mass Transfer Study 
This section discusses the investigations of the Reynolds number ReN, jet length to nozzle 
diameter ratio L) DN and nozzle size DN on the mass transfer characteristics of a vertical 
confined plunging liquid jets in an air-tap water system. The detailed ranges of the 
experimental condi tions investigated have been previously given in §3. IO. The mass 
transfer experiments were onl y conductcd in the larger confined column of diameter, Dc 
= 0. 10 m. The K La values presented in this section have been corrected to a reference 
temperature at 293 K to ease the comparison of the results. These results were also 
compared qualitatively to other workers' results obtained from the literature, including 
the well-established correlation of Frossling ( 1938). The method of KLa cvaluation has 
been described earlier in §4.6.2. The corresponding OTE values were also estimated and 
their dependcncy on the experimental variables was also evaluated and correlated. 
Figure 5.46 shows a typical plot of the experimenta l and predicted dissolved oxygen 
concentration response curves at DN = 0.00802 m, ReN = 68870, L/ DN = 15 and Dc = 0. 10 
m, for air-tap water system. As can be seen from this figure, the proposed mass transfer 
model yields a very good close fi t to the experimental data. 
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189 
Chapter 5 Experimental Results and Discussion - Air-Tap Water System 
5.11.1 Effect of the Experimental Variables on KLa 
As can be seen from either figure 5.47, the KLa values increase with increasing Reynolds 
number, reaching a maximum at ReN = 50000 (corresponding to a liquid volumetric 
flowrate QL of about 30 IImin) and then decrease with further increase in ReN. It seems 
that a set of optimum jet operating conditions was achievable, located within the ReN 
range of 45000 to 55000, in the present confined plunging liquid jet system. A repetition 
run was also carried out at each jet operating conditions, and the results of both runs were 
found to be consistent and the trend was also similar. 
The initial increase in KLa with Reynolds number may be attributed to the increase in the 
gas entrainment rate, which resulted from the increasing surface roughness of the jet 
(refer to §5.8). This is also coupled with an increase in the momentum of the jet, that 
produces small diameter bubbles; these bubbles are able to penetrate deeper, hence 
increasing the gas hold up. As a consequence, a longer bubble residence time and a larger 
interfacial area are obtained, giving an increase in the volumetric mass transfer 
coefficient. The preceding reason seems to be true for ReN up to about 50000. As 
mentioned earlier, the KLa decreases with Reynolds number for ReN beyond 50000. As 
can be seen from the previous results, all of Hp, t:c and QG increase with increasing ReN, 
which would indicate a monotonically increasing mass transfer coefficient. The sudden 
decrease in the mass transfer for ReN beyond 50000, may be due to a change in the bubble 
size distribution across the whole length of the bubble cloud. The coalescence and break 
up rates of the gas bubbles might be altered, it is likely that the coalescence rate might be 
greater than the break up rates, as the Reynolds number increases. As a consequence, an 
increase in the mean bubble size and the corresponding decrease in the gas-liquid 
interfacial area are likely to take place. However, this suggestion could only be validated 
by detail examining of the bubble size variation of the bubble cloud, which has not been 
studied at the present research. 
Figure 5.48 show that KLa decreases slightly when L/DN is increased from 5 to 15 and is 
independent of the L/DN from 15 to 35 at constant ReN and DN. The initial decrease of 
KLa with L/DN (from 5 to 15) was inconsistent with the increasing trends of the 
hydrodynamics properties (i.e. Hp, t:c, QG) with increasing L/DN. Generally, the KLa 
value would be expected to increase initially as the L/DN increases and then flatten off as 
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L/DN is further increased_ As is known from the previous study (§5.6), there is an 
increase in the jet surface roughness with increasing L/DN' which enables a greater flow 
of air to be entrained into the confined column. This leads to an increase in the gas hold 
up. In addition, the increase in the plunging point velocity also produces a slightly higher 
jet momentum, thus increasing the bubble interfacial area due to the formation of the 
small diameter bubbles (the penetration depth also increases). However, all these 
properties were noted to level off for L/DN beyond 25, as the jet surface roughness is 
fully developed above this ratio. 
Similarly, it was also found that the Klfl values behave non-monotonically with 
increasing nozzle size with a maximum at a nozzle diameter between 0.00802 and 
0.01037 m (see figure 5.49). Again, the continuous increasing trend of KLa with nozzle 
size would have been expected as the jet momentum increases with increasing nozzle size 
and so does the penetration depth, the gas hold up and the gas entrainment rate (as 
discussed in previous §5.3, §5.4 & §5.7 & §5.8). Surprisingly, the optimum jet operating 
conditions was also noted to correspond with a liquid volumetric flowrate QL of about 30 
IImin, similar to the flowrate at which the optimum conditions were obtained for the 
experiments on evaluating the effect of increasing ReN on KLa at constant DN of 0.01223 
m and L/DN of 15, as discussed earlier in the section. This similarity could be clearly seen 
in figure 5.50 (a) & (b), where KLa was plotted against the liquid Reynolds number of the 
confined column, for both set of experiments. Both optimum KLa occurs at a confined 
column liquid Reynolds number, (ReL = PLULDcI/lL) of about 6400 (equivalent to 30 
IImin). The suggested explanations for that of odd KLa variation with increasing ReN 
(discussed earlier), were also thought to be applicable for the phenomenon observed with 
increasing nozzle diameter. 
As a whole, the trend of the effect of the ReN, LjDN and DN on the KLa values in the 
present range of the experimental conditions are in contrast with previous workers like 
Van de Sande and Smith (1975), Van de Donk (1981), Tojo & Miyanami (1982), Funatsu 
et al. (1988b) (unconfined systems) and, Ohkawa et al. (1987a) (confined system) who 
found that KLa increases with increasing jet velocity Yj, L/DN and DN throughout their 
range of experimental conditions investigated. 
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5.11.2 The Oxygen Transfer Efficiency (aTE) 
The oxygen transfer efficiency is determined using the methods, described in §4.6.3, 
using the measured overall mass transfer coefficient KLa, and calculated jet power. Figure 
5.51,5.52 & 5.53, show the effect of each of the experimental variables on the aTE. 
As can be seen in figure 5.51, the aTE increases with decreasing jet power (at constant 
DN of 0.01223 m, and L/DN of 15). At a relatively low jet power, the aTE is high at 
around 4 kg O:z/kWh; this decreases sharply as the jet power or the Reynolds number 
increases. The effect of the jet power on aTE is consistent with previous workers such as 
Ohkawa et al. (1986b), Van de Sande (1974), Sneath (1978), Tojo & Miyanarni (1982) 
and Bin (1993). Although the aTE at low jet velocities are high, in practice, these jets 
always have small penetration depth, gas hold up, gas entrainment rate and bubble 
residence time. Consequently, the absolute oxygen absorption rate is low. This is not 
advantageous when the liquid in a system of large depth must be aerated. The system may 
require a large number of liquid plunging jets to supply the required amount of oxygen. 
These phenomena should be considered when choosing the optimum operating conditions 
for a plunging jet application. Therefore, aTE is only one of the parameters required to 
determine the optimum jet operating conditions for a wastewater treatment application. In 
addition to the operating costs, the capital cost of supplying the required volume of 
dissolved oxygen must also be considered. 
On the other hand, the OTEs are found to be almost independent of L/DN over the range 
investigated (see figure 5.52). At a constant ReN of 68870 and DN of 0.01223 m, the 
change in the L/DN from 5 to 35 results in about 11 % variation in the plunging point 
velocity. Correspondingly, a variation of about 22% in the jet power was obtained. This 
resulted in a maximum variation of 9% in the aTE value. The small variation might be 
due to the relatively small change in the penetration depth, mean gas hold up as well as 
the gas entrainment rate with L/DN under such operating conditions. 
Meanwhile, from figure 5.53, it can be observed that the aTE increases roughly by a 
factor of 4 as the nozzle size DN increases from 0.00597 m to 0.01523 m while the ReN 
and L/DN was kept constant at 68870 and 15, respectively. Under this jet operating 
conditions, an increase in nozzle size corresponds with an increase in the liquid 
volumetric flowrate QL and thus, an increase in jet power P. Higher jet power means 
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higher energy dissipation rate, giving rise to smaller bubbles upon gas entrainment 
Together with the effect of high liquid column superficial velocity UL, a higher 
penetration depth, a larger gas hold up and longer bubble residence time. are therefore 
achieved. Consequently, a high mass transfer rate is obtained. 
The aTE achieved for the whole range of the present experimental conditions, ranging 
from 0.5 to as high as 4 kg a2lkWh. This range of aTE value was noted to be well within 
the values achievable via the conventional aeration methods, as can be seen in table 2.3, 
§2.8.2, and are also comparable to the values obtained in other similar plunging liquid jet 
systems (§2.8.2). 
From all the results, it could be concluded that aTE investigated in the present range 
depends chiefly on the jet power P, and also on the changes in the nozzle size DN, while it 
remains unaffected by changes in L/DN. The present aTE results were compared to those 
estimated by the correlation, proposed by Moppett et al. (1996); see equation (2.49) in 
§2.8.2. In figure 5.54, it can be seen that the present aTE values agree reasonably well 
with their correlation generally exceeding Moppett's values by about +15%. An attempt· 
was therefore carried out to correlate the aTE in terms of the jet power P and the nozzle 
diameter DN, by fitting all the experimental data, to a form similar to that proposed by 
Moppett et al. (1996)_ The correlation was obtained using the least square fit method (see 
§5.9), to produce: 
aTE = 273.2 p-o.406 DN 0.927 (5.21) 
Equation (5.21) is valid for the present range of experimental conditions investigated (see 
§3.l0), and applicable only for a confined column of Dc = 0.10 m. As can be seen in the 
correlation, the aTE increases almost linearly with increasing nozzle size DN• Figure 5.55 
shows a plot of the aTE comparing all the experimental values and those predicted by the 
present correlation, indicating that it is accurate to within ±25%. 
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5.11.3 Comparison of the KIft with Literature 
In figures 5.47, 5.48 and 5.49, the predicted overall mass transfer coefficient KLa values 
by Frossling (1938) appear to be much lower than the present KLa values. Tojo & 
Miyanami (1982), Ohkawa et al. (I987a), Funatsu et al. (I988b) and Bin (1993) who 
studied similar plunging liquid jets (unconfined) in the air-water system found a range of 
the KLa value between 0.001 to 0.08 s'\ whereas the present results stretches from 0.07 to 
0.160 S-I. The present range of KLa values obtained was well within the recent KLa results 
obtained by Moppett et at. (1996), i.e. from 0.06 to 0.27 s-" in a similar confined 
plunging liquid jet system. Generally, all the KLa values evaluated were higher than the 
values estimated from the Frossling's correlation. 
However, it has to be noted that the predicted KLa values with Frossling equation are 
based on a crude estimation of the bubble size, generated by the plunging liquid jet. 
Frossling's correlation was originally derived for mass transfer for single spheres; 
however the present bubbles under investigation were not necessary spherical in shape, 
hence the bubble interfacial area per unit volume is larger compared to that of spheres. In 
addition, there exists bubble interactions within present system which may lead to better 
surface renewal, hence larger KL• 
It could be concluded that the present confined plunging liquid jet system is capable of 
delivering high mass transfer coefficients KLa, compared to other unconfined systems, 
which is beneficial towards improving the mass transfer in the stage of the activated 
sludge process. 
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CHAPTER 6 
EXPERIMENTAL RESULTS AND DISCUSSION 
AIR-SURFACTANT CONTAINING AQUEOUS SYSTEMS 
6.1 Introduction 
As discussed in §2.9, the coalescence rate of two approaching bubbles in a surfactant-
containing solution depends greatly on the drainage rate of the liquid phase between the 
bubbles and the polarization that takes place at the bubble surface. The accumulation of 
surfactant molecules at the interface, causes an additional resistance to the motion of the 
liquid film between the two approaching bubbles. Thus the mechanism of bubble 
coalescence in solutions containing surfactants is different to that in pure water and the 
bubble surface may be polarized, preventing the bubbles from further coalescence. 
Evidently, these phenomena will greatly affect the hydrodynamics and mass transfer 
properties of confined plunging liquid jet systems. Therefore, an extensive range of 
experiments were carried out to quantify the effects of different types of surfactants on 
these properties. 
The hydrodynamics properties investigated include the penetration depth Hp, the mean 
gas hold up Ea and the gas entrainment rate QG. All types of surface-active substances 
investigated i.e. anionic, cationic and non-ionic surfactants, salts and alcohols and their 
respective concentration range have been previously given in Table 3.3, §3.11. The 
corresponding experimental apparatus, methods and jet operating conditions were 
discussed in §3.11.1. The range of the concentration for each type of surfactant that 
would give a reasonable number of data points was individually investigated, using a trial 
and error approach, and is discussed later in §6.3. 
During the operation of the surfactant containing aqueous systems, two main problems 
were encountered: 
(i) A mist of extremely small bubbles « 1 mm diameter) were observed to escape 
from the bottom exit of the downcomer in the presence of a surfactant (for a 
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typical example, see figure 6.1 (a)). The Ho (see figure 4.1, §4.2) became 
increasingly unclear as the liquid volumetric flowrate increased. A gradual 
decrease in the bubble size with increasing depth in the bubble cloud within the 
confined colunm was observed. The tiny bubbles near the bottom exit of 
downcomer then started to escape into the main tank, which resulted in an opaque 
tank since these bubbles were slow to disengage at the pool surface (see figure 6.1 
(b)). This occurrence prevented the readings of the heights such as Ho to be taken 
and thus no value of Hp could be evaluated. 
(ii) The addition of surfactants produced a vigorous formation and accumulation of 
foam at the plunging point within the headspace. At the lower liquid volumetric 
flowrates, a layer of foam was clearly visible, just above the bubble cloud. 
However as the flowrate was increased, the foam-bubble cloud separation layer 
disappeared as the foam layer became completely mixed with the bubble cloud. 
The foam was seen to reach up to the nozzle exit at times, a condition so severe 
that the height hJ became difficult to determine. Consequently the jet length could 
not be accurately defined (see figure 6.1 (c)). 
The effects of these problems became increasingly severe at high surfactant 
concentrations, high Reynolds numbers and with a larger nozzle size, or a longer jet 
length. These phenomena were observed in the anionic, cationic, non-ionic surfactants, as 
well as the alcohols solutions. Thus, the number of data points that could be collected 
depended on the jet operating conditions under investigation and surfactant concentration. 
No such problems were present during operation of air-tap water systems and the 
corresponding heights of hJ and Ho at any set of jet operating conditions were always 
clear and distinguishable. 
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(a) (b) (c) 
Figure 6.1 Typical examples of the phenomena observed in the presence of a surfactant: 
(a) Bubble started to escape from the bottom exit of the downcomer 
(b) An opaque tank containing a holdup of very small bubbles 
(c) The foaming problem within the headspace 
6.2 Surface Tension Measurement 
Figures 6.2 (a), (b) & (c) show the plots of the surface tension of all the surfactants, salts 
and alcohols aqueous solutions as a function of their respective mass concentration range. 
In figure 6.2 (a), the surface tensions of all the anionic, cationic and non-ionic surfactants 
decrease with increasing concentration. The liquid surface tensions were measured by the 
Du Nuoy ring method. 
It is known that surfactants are long chain molecules which have hydrophobic (organic) 
and hydrophilic (ionic) ends, and thus they tend to collect at interfaces. In general, the 
presence of the surfactants disrupts the hydrogen bonds in water, hence lowering the 
surface tension. 
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Again in figure 6.2 (a), it can be seen that the surface tensions of both anionic and 
cationic solutions at concentration I ppm, 2 ppm, 5 ppm and 10 ppm, were found to be 
very similar. On the other hand, the non-ionic surfactant shows a more drastic decrease 
with concentration. When the anionic and cationic surfactants are dissolved in the water, 
they are completely dissociated, giving rise to their respective positively and negatively 
charged ion groups, as can be represented in the equation (6.1) and (6.2): 
For the anionic surfactant: 
and for the cationic surfactant: 
The resulting molecular weight of the negatively charged polar portion of the anionic 
surfactant is 265.39 glmol. While, the molecular weight of the positively charged polar 
portion of the cationic surfactant is 256.50 glmol. Thus, the molecular weights of these 
two polar portions are very similar despite their difference in the charge. Hence, this is 
the reason why the surface tension curves of both the anionic and cationic surfactants are 
alike, when plotted against either the molar or the mass concentration. 
As for the non-ionic surfactant, its molecular weight of 1226 glmol is very much larger 
than that of the anionic and cationic surfactants. The decrease in the liquid surface tension 
with mass or molar concentration was also more drastic in comparison to the other two 
types of surfactants. 
According to Myers (1988), the effect of hydrocarbon chain length within a homogeneous 
series of ionic surfactants observed on adsorption is generally considered to follow 
Traube's rule. That is, the surface tension and absorption, will vary regularly with the 
molecular weight of the species. It has generally been found that adsorption does indeed 
increase with an increase in the molecular weight of the hydrophobic portion of the 
surfactant molecule. The longer the hydrocarbon chain in a given series, the larger the 
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amount of surfactant adsorbed at saturation and the lower the total surfactant 
concentration at which saturation occurs. 
In contrast, the liquid surface tension of both the sodium chloride and potassium chloride 
aqueous solutions remain virtually unchanged and are similar to that of the tap water 
system (see figure 6.2(b». As reported previously, the addition of an inorganic electrolyte 
to water generally results in a slight increase in the surface tension of the solution. The 
relative effectiveness of cations and anions at increasing the surface tension of water 
generally follows the Hofmeister series: Li+ > Na+ > K+, and F > cr > Br- > r (as 
described in §2.9). However, according to Prince & Blanch (1990), the concentration of 
the salt e.g. sodium chloride NaCl that is needed to inhibit the bubble coalescence only 
takes place at a rather high concentration of 0.175 molll, i.e. equivalent to about 10 000 
ppm (see table 2.6, §2.9.2.3). As for potassium chloride, an even higher concentration is 
required. Their findings are similar to what have been previously found by Marrucci and 
Nicodemo (1967) and Lessard and Zieminski (1971). In addition, these water-soluble 
salts (NaCl and KCl) dissociate completely in water, forming Na+, K+ and cr ions. A 
cluster of water molecules surrounds each ion. These ions are strongly rejected from the 
interface and thus stay in the bulk of the solution. These are the reasons why the liquid 
surface tensions for both salts did not change at the low concentrations investigated here. 
For the alcohol solutions, the effectiveness of reducing the liquid surface tension depends 
very much on the carbon chain length. At the same mass concentration, the higher the 
molecular weight (carbon chain length), the lower the liquid surface tension (see figure 
6.2(c». 
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6.3 Anionic and Cationic Surfactant Study 
Experiments were first carried out to determine the effects of adding the ionic surfactants 
(anionic and cationic) on the hydrodynamics characteristics (i.e. Hp, Eo and Qa) of the 
confined plunging liquid jet system. 
Initially, a concentration of 10 ppm of the anionic surfactant was investigated, using the 
largest nozzle size, i.e. DN = 0.01523 m, and at a LjDN of 15. The experiments were then 
run from the lowest ReN of 26030 to the highest ReN of 78091. The bubble cloud was 
observed to consist of extremely fine bubbles at each set of operating conditions. A foam 
layer was also seen to accumulate at the confined pool surface within column, causing a 
difficulty in locating the exact position of hI. Similarly, the bubble penetration depth Hp 
was also unclear at the higher Reynolds numbers. The fine size bubbles started to escape 
from the bottom exit of the column at even the lowest liquid volumetric flowrate QL and, 
consequently the whole tank became opaque (see figure 6.1 (b)), which prevented further 
experimental data from being collected. It is known also from the liquid surface tension 
measurements that at higher surfactant concentrations, lower surface tensions were 
obtained (see §6.2) and as a result, smaller bubble sizes were generated. In addition, with 
higher liquid column superficial velocities UL, these tiny bubbles are much likely to 
escape from the bottom exit of the downcomer. In the analysis below it is assumed that 
the bubbles that escape have rise velocities Uboo = f (db) ::; UL• The liquid volumetric 
flowrate QL can be written as: 
(6.3) 
Then (6.4) 
where ReN = PLVNDNI!1L; thus, at constant DN, as ReN increases, the UL also increases, 
hence larger bubbles flow downwards. Similarly, at constant ReN, as DN increases, the 
corresponding UL also increases, leading to larger bubbles being carried down. 
Consequently, the surfactant concentration was reduced to 4 ppm. However, the effects 
mentioned above were still very pronounced. Therefore, it was decided to further reduce 
the concentration and to employ the smallest nozzle, i.e. DN = 0.00597 m simultaneously. 
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This was done so that the range of flowrates that corresponds to the chosen range of 
Reynolds number (of the smallest nozzle size) is much lower. Consequently, with lower 
liquid column superficial velocity, the bubbles are less likely to escape. After some trial 
and error, it was found that the concentration of 2.5 ppm is the upper limit where the 
operation was still possible at the chosen jet operating conditions. The extra set of the 
concentrations under investigation were 0.5, 1.5 and 2.5 ppm. Some extra data were also 
collected at Reynolds number of 52061 and 63761, since no data could be obtained for 
the operations at the highest Reynolds numbers. An effort was also made to capture the 
characteristics of the bubble clouds in the presence of anionic surfactant by taking 
pictures, although no bubble size measurements could be obtained. The pictures of the 
bubble clouds were taken at a set of operating conditions (as given earlier in §3.11.1) and 
at anionic surfactant concentration of 0 (i.e. air-tap water system), 1 and 2 ppm (as in 
table 3.3, §3.11). The same procedures were used for the cationic surfactant and the 
working concentration range of cationic surfactant was found to be the same. The cationic 
surfactant solutions were found to display similar hydrodynamics results (both Hp and ea) 
to those of anionic surfactant containing aqueous system (see §6.3.1 and §6.3.2). Typical 
effects of anionic and cationic surfactant on bubble cloud characteristics at the same jet 
operating conditions can be seen in figure 6.3 and 6.4 (a), (b) and (c), respectively. These 
figures display a similar decrease in bubble size and dispersion depths with either 
increasing the anionic or cationic surfactant concentration. 
Since the hydrodynamics properties at each jet operating conditions within the 
concentration range both surfactants are alike, it may be postulated that the gas 
entrainment rates of the cationic surfactant containing aqueous systems should also vary 
in similar ways. Since no new insight was likely to be gained, no gas entrainment rate 
measurements were conducted for the cationic surfactant solutions. 
The procedures for determining the working concentration range and the capturing of the 
bubble clouds pictures for non-ionic surfactants, salts and alcohols containing aqueous 
systems (in the later sections) are similar to the above procedures used for the ionic 
surfactants. 
207 
Chapter 6 
Figure 6.3 
Experimental Results and Discussion - Air-Surfactant Containing Aqueous Systems 
(a) 
(b) 
(c) 
Air-Anionic surfactant containing aqueous system at DN = 0.00597 m, ReN 
= 68869, L/DN = 15, and at concentration:(a) 0 ppm; (b) 1 ppm & (c) 2 
ppm 
208 
Chapter 6 
Figure 6.4 
Experimental Results and Discussion - Air-Surfactant Containing Aqueous Systems 
(a) 
(b) 
(c) 
Air - Cationic surfactant containing aqueous system at DN = 0.00597 m, 
ReN = 68869, L/DN = 15, and at concentration: (a) 0 ppm; (b) 1 ppm & (c) 
2ppm 
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6.3.1 Effect on Penetration Depth 
As can be seen from figure 6.5, at any Reynolds number, ReN, the penetration depth 
increases with increasing anionic surfactant concentration, Le. Hp (2 ppm) > Hp (I ppm» Hp (0 
ppm). Such a trend in the presence of anionic surfactant is essentially due to a decrease in 
the bubble size. The smaller bubbles have lower rise velocities and are therefore dragged 
deeper down the confined column. In conclusion, the higher the surfactant concentration, 
the smaller the bubble sizes and hence the greater the penetration depth. Similarly, from 
figure 6.5, the addition of cationic surfactant was observed to have very similar effect on 
penetration depth as that of anionic surfactant. Almost identical results are obtained for 
the two surfactants at equal concentrations. This may be attributed to the similarity in the 
variation of surface tension with increasing concentration, due to similar molecular 
weights. This results in the generation of a similar bubble size range and hence, identical 
penetration depths were obtained. This trend is also observed to be consistent for all other 
jet lengths, as shown in figure 6.6. 
Figure 6.7 shows that the penetration depth increases as the anionic surfactant 
concentration increases. However, the effect on the depths at the lower range of the 
Reynolds number, ranging from 20 000 to 50 000 is relatively mild compared to the ReN 
beyond 50 000. As the anionic surfactant concentration increases, the liquid surface 
tension decreases (see figure 6.2 (a», resulting in the formation of smaller size bubbles. 
Bubble coalescence is also prevented by the adsorption of the negatively charged polar 
portion on the bubble surface. Moreover, the accumulation of the surfactant molecules at 
the bubble surface, results in an additional resistance to the motion of the liquid film 
between the two approaching bubbles (as described earlier in §2.9.l). Thus, under similar 
jet operating conditions (Le. similar liquid column superficial velocity), smaller size 
bubbles are obtained in the presence of anionic surfactant and are carried further down the 
confined column, giving a deeper penetration depth. Similar phenomena occur with the 
cationic surfactant. 
The effects on the penetration depth in either the anionic or the cationic solution with 
increasing ReN, and LiDN within the concentration range investigated, are similar to those 
observed in air-tap water system. An increase either in the Reynolds number or the jet 
length to nozzle diameter ratio, produces an increase in the penetration depth, but to an 
even greater penetration depth in the presence of a surfactant, due to the presence of the 
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smaller bubble sizes (figure 6.5 & 6.6, respectively). The reasons for the above effects 
have been previously discussed in §5.3. 
Figure 6.5 
Figure 6.6 
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6.3.2 Effect on Mean Gas Hold up 
As can be seen in figure 6.8, the mean gas hold ups (for the range of ReN investigated) in 
the presence of 1 ppm anionic surfactant were slightly lower than the corresponding gas 
hold ups in air-tap water system. However for 2 ppm anionic containing aqueous system, 
the mean gas hold ups were generally larger than both 1 ppm anionic surfactant and air-· 
tap water systems. Similar results were obtained for the mean gas hold up for cationic 
surfactant solutions (see figure 6.8). Thus, the effects of surfactant concentration on gas 
hold up is not monotonic. This inconsistency may be due to the unavoidable experimental 
errors in estimating ea (as given earlier in §6.l). In the presence of an ionic surfactant 
(anionic or cationic), a layer of foam was clearly seen to form on top of the confined· 
liquid pool surface. The stability of this foam layer depends very much on the jet 
operating conditions and, it becomes increasingly unstable with increasing ReN. As a 
result, the height hI was very difficult to locate accurately under such conditions, which 
introduced errors in the corresponding mean gas hold up. Moreover, the mean gas hold up 
is a measure of the amount of gas being entrained per unit of time. The presence of 
surfactant and the foam layer were thought to affect the jet surface roughness and the 
entrainment behaviour at the plunging point, which could significantly affect the gas 
entrainment rates and hence the mean gas hold up (the gas entrainment rates in the 
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presence of anionic surfactant were also investigated and are discussed in §6.3.3). The 
inconsistent trend of the mean gas hold up with increasing anionic surfactant 
concentration is also apparent in the plots against L/DN (see figure 6.9). 
Figure 6.10 shows the mean gas hold up plotted against anionic surfactant concentration; 
an apparent increase in the mean gas hold up was observed, especially for the surfactant 
concentration beyond 1.5 ppm and with ReN greater than 55 000. The mean gas hold ups 
at the lower range of the Reynolds number « 50 000) and surfactant concentration « 1.5 
ppm) were observed to be virtually independent of these variables. The increase in the 
mean gas hold up at higher ReN and Ca> is a direct result of the increase in the penetration 
depth, which is due to the presence of the smaller size bubbles (the details of the 
formation of smaller bubbles when surfactant is added, have been described previously in 
§6.3.1). Therefore, under similar jet operating conditions, the smaller size bubbles could 
travel deeper down the confined column, resulting in a greater penetration depth and 
hence a larger gas hold up. 
The increasing trends of the mean gas hold up in either the anionic or the cationic solution 
for each mass concentration, with increasing ReN and L/DN are similar to those observed 
in air-tap water system (figure 6.8 and 6.9, respectively). The reasons for these effects 
have been previously discussed in §5.4. 
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6.3.3 Effect on Gas Entrainment Rate 
As can be seen in figure 6.11, the gas entrainment rate decreases as the anionic surfactant 
concentration increases and is less than for the air-tap water. The trend of the decreasing 
gas entrainment rate with increasing surfactant concentration is also evident when the gas 
entrainment rate is plotted against jet length to nozzle diameter ratio L/DN and nozzle 
diameter DN (see figures 6.12 and 6.13, respectively). 
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The lowering of the gas entrainment rate in the presence of the anionic surfactant may be 
due to the decrease in liquid surface tension which could have affected the jet surface 
roughness. Ultimately, the air entrainment mechanism at the impinging point might also 
be altered, due to the formation of a foam layer above the liquid pool surface. 
Kumagai and Endoh (1982) found that the influence of the liquid surface tension on the 
gas entrainment rates was negligible. But the present trend is found to be consistent with 
the findings of Kusabiraki et al. (1990b) who found that the surface disturbance or the 
degree of sinuosity of the jet tends to become smaller with increasing Ohnesorge number 
Oh, where Oh = JiL I ~ PLULDN . Therefore for the present experiment, at constant DN = 
0.OOS97 m and LjDN = IS, assuming that the liquid density PL and viscosity JiL remain 
almost the same for the anionic surfactant solution, then a decrease in the liquid surface 
tension is obtained. Consequently, a larger Ohnesorge number, which corresponds to a 
smaller jet surface roughness is achieved, resulting in a lower gas entrainment rate. 
On the other hand, Yamagiwa et al. (200 1) found that the gas entrainment rate obtained 
with a foam layer was greater than that without. This clearly indicates the important role 
of the foam layer in affecting the gas entrainment behaviour. However, it has to be noted 
that the gas entrainment rates results of Kumagai and Endoh (1982), Kusabiraki et al. 
(1990b) and Yamagiwa et al. (2001) were obtained in an unconfined systems. Thus, no 
direct comparison of the present results to other workers is possible at this stage. 
In the present study, the gas entrainment rate seems to be independent of the surfactant 
concentration for larger nozzle sizes, i.e. at DN = 0.01037, 0.01223 and 0.01S23m (see 
figure 6.14 (c), (d) & (e». This may be due to the fact that the change of jet roughness 
due to the change in surface tension becomes insignificantly small in comparison to the 
already large surface disturbances obtained with the larger nozzle sizes. Further 
experiments are necessary in order to examine the jet surface roughness under these jet 
operating conditions. For the smaller nozzle sizes, such as DN = 0.00802 and 0.00S97 m, 
the gas entrainment rate is seen to be a function of the surfactant concentration (figure 
6.14 (a) & (b». The gas entrainment rate increases with decreasing surfactant 
concentration, as discussed earlier. 
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As found for the air-tap water system, the gas entrainment rate also increases with 
increasing nozzle size when a surfactant is present (see figure 6.15 (a), (b) & (c))_ The 
reasons for the increasing trends of the gas entrainment rate with increasing ReN, L/DN 
and DN have been discussed earlier in §5.8. 
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Figure 6.15 Gas entrainment rate QG versus Reynolds number ReN at a constant jet 
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[Dc=0.10mj 
219 
Chapter 6 Experimental Results and Discussion - Air-Surfactant Containing Aqueous Systems 
6.4 Non-ionic Surfactant Study 
Similar to the addition of the anionic and cationic surfactants, the presence of the non-
ionic surfactant resulted in a dispersion of smaller size bubbles. However, the bubble 
cloud characteristics were rather different from those in anionic and cationic surfactant 
solutions. With non-ionic surfactants there was a mixture of large and small bubbles (see 
figure 6.16 (a), (b) & (c»; a cloud of extremely small bubbles was formed just beneath 
the bubble cloud, even at the lowest ppm investigated (see figure 6.16 (b». 
These bubble cloud characteristics might be attributed to the differences in the adsorption 
mechanism of the surfactants on the bubble surface (as was discussed in earlier §6.2). The 
bubbles in the presence of non-ionic surfactant may aggregate since the surfactant has no 
charge. On the other hand, the addition of either anionic and cationic surfactant, results in 
the accumulation of surfactants at the bubble surface and a reduction in bubble diameter 
because the surfactant charges repel each other, hindering bubble coalescence. The 
present observations are consistent to Bischof et al. (1993), where they also found that the 
ionic surfactant was able to reduce the probability of bubble coalescence more than the 
non-ionic surfactant (see §2.9.2.1). 
Figures 6.17 and 6.18 are two typical examples of the penetration depth plotted against 
Reynolds number ReN and jet length to nozzle diameter ratio L/DN' where the depth was 
observed to be virtually unaffected by the presence of the non-ionic surfactant. Likewise, 
the mean gas hold up evaluated at the same jet operating conditions, was unaffected by 
non-ionic surfactant concentration, as shown in figures 6.19 and 6.20. It is proposed that 
the presence of non-ionic surfactant might alter the bubble size distribution of the bubble 
cloud whilst the mean bubble size remains almost unchanged. 
Since the penetration depth Hp and the mean gas hold up £G of the air-non-ionic 
surfactant containing aqueous system were similar to that of air-tap water system, it is 
expected that the gas entrainment rate measurements for both of these systems would be 
similar and so no gas entrainment rate measurements were collected. 
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(a) 
(b) 
(c) 
Figure 6.16 Air-Non-ionic surfactant containing aqueous system at DN = 0.00597 m, 
ReN = 45086, L/DN = 15, and at concentration: (a) 0 ppm; (b) 1 ppm & (c) 
2ppm 
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Figure 6.17 Penetration depth Hp versus Reynolds number ReN at jet length to nozzle 
diameter ratio L/DN = 15, Dc = 0.10 m and at nozzle size DN = 0.00590 m. 
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6.S Salt Solution Study 
Table 3.4 shows the typical composition of untreated domestic wastewater (see §3.l1) 
The typical content of the total dissolved solids in the wastewater is from 250 to 850 mgll 
(or ppm), depending on the strength ofthe wastewater. Since salts are categorised as fixed 
dissolved solids, the amount of the salts (NaCI and KCI) employed in these studies were 
100, 200, 400 and 800 ppm. There were no effects observed on the penetration depth and 
the mean gas hold up, even at the highest salt concentration of 800 ppm (see figures 6.21 
and 6.22; all the results were overlapping with one another). The bubble size throughout 
the concentration range was also observed to be identical to that of air-tap water system. 
The similarity in the hydrodynamics properties is further confirmed by the results 
obtained from surface tension measurements which were found to be almost independent 
of each salt concentration. As was discussed earlier in §6.2, a significant amount of salt is 
required to hinder bubble coalescence; for the present experimental conditions, 9000 ppm 
of NaCI is required (Prince & Blanch, 1990). As for KCI, an even greater amount was 
found to be needed. Therefore, it is apparent that no effects on the hydrodynamics 
properties of the plunging jets should be observed over the ranges of the salt 
concentration investigated here or typically found in domestic wastewaters. The 
unaffected hydrodynamic properties of both sodium chloride and potassium chloride 
containing aqueous systems have been captured photographically, and can be clearly seen 
in figure 6.23 & 6.24 (a), (b), (c), (d) & (e), respectively. 
From these experiments, it may be concluded that the presence of dissolved salts will not 
normally affect the operation of a confined plunging jet. They only become important if 
the wastewater under treatment has an exceedingly high salt concentration at which the 
suppression of bubble coalescence is likely to take place. This concentration is at least an 
order of magnitude greater than is typically found in domestic wastewaters. 
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Figure 6.21 Penetration depth Hp versus Reynolds number ReN at jet length to nozzle 
diameter ratio L/DN = IS, DN = 0.00590 m and Dc = 0.10 m 
(Air-Salt (sodium chloride) containing aqueous system) 
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Figure 6.22 Mean gas hold up ea versus Reynolds number ReN at jet length to nozzle 
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(b) 
(d) 
(e) 
Figure 6.23 Air-Salt (Sodium Chloride) containing aqueous system at DN = 0.00597 rn, 
ReN = 36812, LIDN= 15, and at concentration: (a) 0 ppm; (b) 100 ppm; (c) 
200 ppm; (d) 400 ppm & (e) 800 ppm 
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(a) 
(b) 
(c) 
(d) 
(e) 
Figure 6.24 Air-Salt (Potassium Chloride) containing aqueous system at DN = 0.00597 
m, ReN = 36812, L/DN = IS, and at concentration: (a) 0 ppm; (b) 100 ppm; 
(c) 200 ppm; (d) 400 ppm & (e) 800 ppm 
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6.6 Alcohol Solution Study 
The presence of alcohol in a solution is known to be capable of suppressing the bubble 
coalescence (Koide et al., 1976; Keital and Onken, 1982; Koide et al., 1985; and 
lamialahmadi et al., 1992) (see §2.9.2). According to these workers, the suppression 
effect on the bubble coalescence is further enhanced, either as the concentration or the 
carbon chain length of the alcohol is increased. Therefore, experiments were carried out 
to investigate this particular effect on the hydrodynamics properties (i.e. Hp, Ea and Qc) 
in the confined plunging liquid jet system. It was decided to focus the experiments mainly 
on evaluating the effects of the increasing carbon chain length rather than that of the 
increasing concentration, partly due to time constraints. For comparison purposes, the 
hydrodynamics experiments for the three alcohol-containing aqueous systems i.e. 1-
butanol, I-hexanol and l-octanol aqueous systems, were then carried out at a constant 
mass concentration of 5 ppm. 
The effects of the presence of I-butanol on the hydrodynamics characteristics (i.e. Hp and 
Ea) were found to be insignificant, even at a relatively high concentrations and therefore 
no gas entrainment rates was carried out for this system. Only I-hexanol and l-octanol 
containing aqueous systems were studied extensively. 
The foaming problem with alcohol solutions was observed to be less severe than with the 
anionic, cationic or non-ionic surfactant solutions. The thickness of foam layer was noted 
to increase with increasing alcohol concentration or carbon chain length. 
6.6.1 Effect on Penetration Depth 
The effect of the increasing mass concentration of individual alcohols on the 
hydrodynamics properties was first investigated. The addition of I-butanol showed 
practically no effects on the penetration depth, even at a mass concentration as high as 20 
ppm (see figure 6.25 (a», because of the short carbon chain length. There were negligible 
effects observed in the bubble sizes, throughout the concentration range which further 
confirms the measured trends in Hp, which can be clearly seen in figure 6.26 (a), (b), (c) 
(d) & (e). 
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The presence of I-hexanol gave greater penetration depths compared to the air-tap water 
system. This is especially true, for the 10 ppm I-hexanol containing aqueous system (see 
figure 6.25 (b». The penetration depth increased with increasing I-hexanol concentration, 
especially at higher Reynolds number range. Principally, this was caused by a decrease in 
the bubble size, allowing them to be carried further down the confined column. The 
corresponding bubble clouds characteristics can be seen in figures 6.27 (a), (b), (c) (d) & 
(e). 
Under similar jet operating conditions, the addition of l-octanol was seen to exert a much 
stronger effect on Hp, even at the lower mass concentrations, in comparison to those of 1-
hexanol and I-butanol aqueous systems (see figure 6.25 (c». The penetration depth 
increased with increasing l-octanol concentration, owing to the significant decrease in the 
bubble size (as shown in figure 6.28 (a), (b), (c), (d) & (e». Series of the bubble cloud 
pictures for the l-octanol containing aqueous systems, at other set of jet operating 
conditions also showed the same effects. 
The effect of the carbon chain length on Hp is shown in figure 6.29: the penetration depth 
increases with increasing carbon number at a constant mass concentration, i.e. (HPh-octanol 
> (HP)I-hexanol >(Hp)l-butanol '" (HP)air-tap water. Figure 6.30 also shows similar trend when the 
penetration depth was plotted against jet length to nozzle diameter ratio at a fixed 
Reynolds number. The increase in the penetration depth is a direct result of the increased 
effectiveness of the alcohol is in inhibiting bubble coalescence as the carbon chain length 
increases. 
In conclusion, the effectiveness of an alcohol in suppressing the bubble coalescence (i.e. 
in reducing the bubble size) increases either with increasing the mass concentration or the 
carbon chain length. This observation is similar to the findings of Koide et al. (1976), 
Keital and Onken (1982), although the aeration methods employed were different. The 
main reason for the bubble size reduction in the presence of an alcohol is due to the 
decrease in surface tension, which results from the accumulation of the hydrophobic 
group on the bubble surface. Hence the probability of bubble from coalescence is reduced 
(as described earlier in §6.3.1). 
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Figure 6.25 Penetration depth Hp versus Reynolds number ReN at jet length to nozzle 
diameter ratio L/DN = IS, DN = 0.00590 m and Dc = 0.10 m 
(a) Air-I-Butanol; (b) Air-I-Hexanol & (c) Air-I-Octanol 
230 
Chapter 6 Experimental Results and Discussion - Air-Surfactant containing Aqueous Systems 
Cb) 
(e) 
Figure 6.26 Air-I-Butanol containing aqueous system at DN = 0.00597 m, ReN = 
26030, L/DN = 15, and at concentration: 
(a) 0 ppm; (b) 5 ppm; (c) 10 ppm; (d) 15 ppm & (e) 20 ppm 
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(a) 
(b) 
(c) 
(d) 
(e) 
Figure 627 Air-l-Hexanol containing aqueous system at DN= 0.00597 rn, ReN= 
26030, L/DN = 15, and at concentration: 
(a) 0 ppm; (b) 3 ppm; (c) 5 ppm; (d) 10 ppm & (e) 15 ppm 
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(a) 
(b) 
(c) 
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(e) 
Figure 6.28 Air-I-Octano! containing aqueous system at DN = 0.00597 m, ReN = 
26030, L/DN = 15, and at concentration: 
(a) 0 ppm; (b) 3 ppm; (c) 5 ppm; (d) 10 ppm & (e) 15 ppm 
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Figure 6.29 Penetration depth Hp versus Reynolds number ReN at jet length to nozzle 
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6.6.2 Effect on Mean Gas Hold up 
The corresponding graphs of the mean gas hold ups of alcohol containing aqueous 
systems, at similar jet operating conditions as those of the penetration depths are 
presented in this section. The variations of the mean gas hold up with increasing ReN, 
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L/DN' alcohol concentration or carbon chain length were observed to be consistent to 
those of penetration depth. 
As mentioned in §6.6.1, the effect of I-butanol (within the concentration range 
investigated) on the penetration depth was insignificant. Consequently, the mean gas hold 
ups were also unaffected by the addition I-butanol, and were similar to in the air-tap 
water system (see figure 6.31 (a)). 
Meanwhile, a relatively strong effect on Cc was seen in the presence of I-hexanol, 
especially for the 10 ppm I-hexanol solutions (the trend is similar to the effect of 1-
hexanol on the penetration depth) (see figure 6.31 (b)). Again, the mean gas hold up 
increases with increasing I-hexanol concentration, with an obvious increase at the higher 
Reynolds numbers. An increase in the mean gas hold up is a direct result of an increase in 
the penetration depth, which in turn is caused by a decrease in the bubble size in the 
presence of I-hexanol. 
However, the addition of I-octanol exhibits an even stronger effect on Cc at a relatively 
low mass concentration. The mean gas hold up was also found to increase with increasing 
I-octanol concentration, again due to the increase in the penetration depth (or decrease in 
the bubble size) (see figure 6.31 (c)). 
The effect of the carbon chain length on Cc is shown in figure 6.32: as the carbon number 
increases, the mean gas hold up also increases, i.e. (Cc koctanol > (Cc khexanol > (Cc )l.butanol 
'" (Cc )air.tap water. A similar trend was observed for the plot of mean gas hold up against jet 
length to nozzle diameter ratio (see figure 6.33). It may be concluded that, an increase in 
either the concentration or carbon chain length results in a decrease in the bubble size and 
hence a greater penetration depth and gas hold up. The reason for the reduction in the 
bubble size has been previously given in §6.6.1. 
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6.6.3 Effect on Gas Entrainment Rate 
Similar to the trend observed for anionic surfactant solutions (§6.3.3), the gas entrainment 
rate also decreases as the alcohol concentration increases (for examples, see figure 6.34 
(a) & (b». The gas entrainment rates of two different type of alcohol aqueous systems, 
i.e. l-hexanol and l-octanol, at a constant mass concentration of 5 ppm, are also plotted 
against Reynolds number in figure 6.35 (a) which shows that Qa decreases as the carbon 
chain length increases. This trend is also apparent when the gas entrainment rate is plotted 
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against jet length to nozzle diameter ratio LJDN and nozzle diameter DN (see figure 6.35 
(b) and 6.35 (c), respectively). 
The decrease in the gas entrainment rate for the alcohol aqueous systems, may be due to 
the same reasons suggested previously for the anionic surfactant solutions. Firstly, a 
decrease in the surface tension might affect the jet surface roughness. A decrease in the 
gas entrainment rate may be caused by a reduction in the roughness of the jet surface 
instabilities, which is consistent with a lowering of surface tension. This is supported by 
the results of Kusabiraki et al. (I 990b ) who found a decrease in the jet surface 
disturbance with increasing Ohnesorge number Oh (see §6.3.3). 
Moreover, the foam layer at the jet impinging point may also have an effect on the air 
entrainment behaviour. As discussed in §6.3.3, Yamagiwa et al. (2001) found that the gas 
entrainment rates measured with a foam layer are always greater than without. 
The effect of the alcohol carbon chain length on the gas entrainment rates, at larger nozzle 
sizes, i.e. at DN = 0.01037, 0.01223 and 0.01523m are found to be almost negligible (see 
figure 6.36 (c), (d) & (e». This trend is similar to the results obtained for the anionic 
surfactant solutions (see 6.14 (c), (d) & (e), §6.3.3). As proposed previously, the change 
of jet roughness due to the change in surface tension may be less important in view of the 
already large surface disturbance, generated from the use of a large diameter nozzle. 
Further experiments are therefore necessary to investigate the jet surface roughness at 
these operating conditions in order to confirm this hypothesis. Meanwhile, the gas 
entrainment rate is seen to be depend on the carbon chain length for the smaller nozzle 
diameters (i.e. DN = 0.00802 and 0.00597 m) (see figure 6.36 (a) & (b), respectively). 
Under such conditions, the gas entrainment rate is found to decrease with increasing 
carbon chain length, as discussed earlier. 
Finally, the gas entrainment rate increases with increasing nozzle size, for the air-tap 
water system (0 ppm), the I-hexanol and I-octanol containing aqueous systems (both at 5 
ppm mass concentration) (see figure 6.37 (a), (b) & (c». The reasons for the increasing 
trends of the gas entrainment rate with increasing ReN, LJDN and DN have been previously 
discussed in §5.8. 
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6.7 Mass Transfer Study 
This section discusses the investigations of the mass transfer characteristics of the air-
surfactant containing aqueous systems in a vertical plunging liquid jet contained within a 
confined column of Dc = 0.10 m. The surfactant types, surfactant concentration ranges 
and the jet operating conditions were given earlier in §3.11. The aims were first to 
determine the effect of the surface-active agents on the overall mass transfer coefficient, 
KLa, and then, to evaluate the corresponding oxygen transfer efficiency (aTE). These 
values were then compared to those for air-tap water system, obtained under similar jet 
operating conditions. Both the a-value and OTE for each surfactant solution were 
evaluated at each concentration, to obtain a better understanding of the effect of 
surfactants on the mass transfer characteristics of the confined plunging liquid jet system. 
The P factor (previously discussed in §2.9.l) was not evaluated since the effects of 
temperature and TDS on oxygen saturation value in the present experiments was 
insignificant. 
Similar to the mass transfer study on air-tap water systems, the overall mass transfer 
coefficient KLa was determined from the mass transfer model as described in §4.6.1. Due 
to the time constraint, no repetition runs were carried out for the mass transfer experiment 
of each surfactant solution; good reproducibility had previously been demonstrated for 
air-tap-water systems. For comparison purposes, the KLa values have also been corrected 
to a reference temperature at 293 K. In addition, the liquid mixing model within the 
confined column employed for air-tap water system was assumed to be valid for the air-
surfactant solutions. 
6.7.1 Effect of Surfactants 
The effects of three different types of surfactants i.e. anionic, cationic and non-ionic, were 
investigated. The performance of the confined plunging jet systems in the presence of 
these surfactants was evaluated in terms of the overall mass transfer coefficient KLa, a 
value and the oxygen transfer efficiency (aTE); as can be seen in figure 6.38, 6.39 and 
6.40, respectively. 
In figure 6.38, the KLa values in the presence of all three surfactant containing aqueous 
systems are lower than in tap water system (Le. ° ppm) and KLa decreases as the 
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surfactant mass concentration increases. The KLa values for both the anionic and cationic 
surfactant systems were similar and decrease more rapidly than with concentration for the 
non-ionic surfactant solution. The similarity of these anionic and cationic systems has 
been noted before in terms of the penetration depth and gas hold up; they have similar 
molecular weights and a similar dependence of surface tension on mass concentration 
(see §6.2). Alvarez et al. (2000) in their air-sparging systems found that kLa decreases 
with increasing sodium lauryl SUlphate concentration, i.e. as the surface tension was 
decreased, which is consistent with the present findings. 
As already given in §2.9.1, there are two opposing effects of surfactants on the mass 
transfer. First, the specific interfacial area a increases as the surfactant concentration 
increases, due to the reduction of bubble coalescence and reduction in the bubble size. 
Secondly, the accumulation of the surfactant molecules at the bubble surface, causes an 
extra resistance and thus there is a reduction in the mass transfer coefficient KL• 
In general, the presence of a small quantity of surfactant (less than the CMC value) can 
depress KL, while for larger amounts (those beyond CMC value) the effect is negligible 
(see figure 2.15, §2.9). Here the present concentration ranges for all three types of 
surfactant containing aqueous systems are far less than their respective CMC values (see 
table 3.3, §3.11). It can be concluded that in the present experiments, the decrease in KL is 
greater than the increase in a (for all three surfactant containing aqueous systems), giving 
rise to a lower mass transfer nite, and hence a lower overall mass transfer coefficient KLa. 
In a very similar way, the a values of all three surfactant solutions also decrease as the 
concentration increases (see figure 6.39). This is similar to the previous findings of 
Wagner et al. (1996) who also found that the avalue decreases with increasing surfactant 
concentration. All the a values in the present context of the confined plunging liquid jet 
system were noted to fall within the common range of other type of aeration devices as 
given earlier in table 2.4, §2.9.1. Similarly, the KLa values of the confined plunging jet 
system in the presence of surfactants was lower than that of tap water system, due to the 
reasons described earlier in this section. 
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As for the effect of surfactants on OTE, a general decreasing trend of OTE with 
increasing concentration was again observed (see figure 6.40)_ Similar to the air-tap water 
systems, the oxygen transfer efficiency was evaluated based on the method described 
earlier in §4_6.3. The present results are consistent with the findings of Tojo and 
Miyanarni (1982). They found that the oxygen transfer rate decreases as the anionic 
surfactant increases, but in their case with an unconfined plunging liquid jet systems. The 
decrease in the oxygen transfer rate in the presence of surfactants is suggested to be 
mainly due to the reduced liquid flow on the bubble surface. 
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6.7.2 Effect of Alcohols 
The effects of alcohols i.e. the I-hexanol and l-octanol aqueous solutions, were 
investigated. Similar to §6.9.1, the performance of the confined plunging jet systems in 
the presence of these alcohols was evaluated in terms of the overall mass transfer 
coefficient KLa, avalue and the oxygen transfer efficiency (OTE) (see figures 6.41, 6.42 
and 6.43, respectively). Generally, the effects of alcohols on KLa, avalue and OTE were 
found to be consistent, but relatively mild in comparison to those of surfactant containing 
aqueous systems. Even though the experiments were conducted at a higher concentration 
range than those of surfactant containing aqueous systems, the effects observed were 
noted to be relati vel y small. 
In figure 6.41, the KLa values for both alcohol solutions were slightly smaller than in tap 
water. The KLa values decrease as the concentration increases and with increasing carbon 
chain length, i.e. the KLa of the l-octanol aqueous system decreases more rapidly in 
comparison to that of the I-hexanol aqueous system. Despite the difference in the aeration 
device, the present findings agree with reports by Koide et al. (1985) who also observed a 
sharper decrease of kLa with increasing alcohol concentration with longer carbon chain 
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length. These decreasing trends of KLa with increasing concentration also resembled the 
decreasing trends of their surface tensions, as discussed previously in §6.2. 
As discussed in §6.9.1, two opposing effects are known to affect the mass transfer in the 
presence of surfactants and alcohol solutions. As can be seen in the bubble clouds 
pictures (from figure 6.26 to 6.28), the bubble size decreases as the alcohol concentration 
increases and thus the specific interfacial area a also increases (also observed by Keital 
and Onken, 1982 and Koide et al.,1986). On the other hand, an extra resistance is also 
present because of the accumulation of the alcohol molecules at the bubble surface, which 
decreases the mass transfer coefficient KL• Furthermore, lower rise velocities of the 
smaller size bubbles give rise to a greater penetration depth and longer bubble residence 
time. Moreover, the gas entrainment rate decreases with increasing alcohol concentration, 
similar to the trend obtained with anionic surfactant solutions (see §6.6.3). 
From the results observed, it could be concluded that, the degree of decrease in KL in the 
present experiments of the alcohol containing aqueous systems is greater than the increase 
in a, which leads to an overall reduction in the mass transfer rate. Subsequently, a smaller 
KLa was attained. 
In figure 6.42, the a values of both alcohol solutions were found to decrease at a very 
mild rate with increasing concentration. However, the a value of l-octanol aqueous 
system decreases more rapidly, similar to the trends in KLa. 
Finally, the presence of alcohols was found to have an almost negligible effect on OTE 
over the concentration range investigated (see figure 6.43). Since the oxygen transfer 
efficiency was evaluated based on experimental determined overall mass transfer 
coefficient, it is known from the results that only a mild decrease in KIll with increasing 
concentration was observed. Thus, the corresponding values of OTEs would be subject to 
only a minor change because of the presence of alcohols. 
All in all, the alcohols investigated (i.e. I-hexanol and l-octanol) have less effect than the 
surfactants on the performance of the confined plunging liquid jet system (partly due to 
their short carbon chain lengths). Also, the alcohols do not polarized the bubble surface 
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whereas the anionic and cationic surfactants do so. The effect of alcohols in solution on 
KLa, a value and OTE is expected to become more important with increasing carbon 
chain length or concentration. This is partly due to increasing tendency for the 
accumulation of the alcohol molecules at the bubble surface as the carbon chain length 
increases (Jamialahmadi et al., 1992). 
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CHAPTER 7 
CONCLUSIONS & RECOMMENDATIONS 
7.1 Conclusions 
This thesis reports on the use of a vertical plunging jet issuing into a confined column, as 
a potential aeration device in a secondary wastewater treatment process. From the entire 
experimental results of air-tap water system, it may be concluded that an increase in either 
experimental variables within the chosen range (Le. ReN, LjDN or DN), leads to a positive 
effect on the penetration depth, the mean gas hold up, the jet surface roughness and the 
gas entrainment rate. An increase in the bubble penetration depth, results in longer bubble 
residence times, whilst an increase in gas hold up, usually indicates an increased 
interfacial area and higher rates of mass transfer. On the other hand, a variation of the 
bubble diameter (secondary bubbles) with experimental variables of 3 to 4 mm, is 
estimated from photographs. A simple calculation is performed to predict the variation of 
bubble size (primary bubbles) with the jet operating conditions. The predicted results are 
used to interpret the phenomena observed on the hydrodynamics characteristics of the 
plunging jet. 
As for the effect of the downcomer size Dc, it is observed that the gas entrainment rate is 
almost independent of the downcomer size (for Dc = 0.10 and 0.075 m). However, the Hp 
and t'{; are found to increase with decreasing downcomer size. Correlations are also 
produced to relate the entrainment ratio to the three main experimental variables 
investigated, Le. the nozzle velocity V N, the jet length to nozzle diameter ratio LiDN and 
the nozzle size DN, in both unconfined and confined systems. These correlations are 
shown to be in good agreement with the present experimental data (see §5.9). 
Furthermore, a model is developed to estimate the gas entrainment rate from the jet 
surface roughness. This model is shown to give reasonable estimates of the gas 
entrainment rates at jet length to nozzle diameter ratio LiDN = 12 and 30, at various 
nozzle sizes (see §5.10). Although the model has limited predictive capacity (since the jet 
roughness is not known a priori) it demonstrates how the surface disturbances cause gas 
entrainment. 
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From residence time distribution (RTD) studies, it can be concluded that the flow model 
II i.e. two CSTRs and a PFR in series produces a better representation of the liquid 
mixing patterns within the confined column. This model is used to evaluate the overall 
mass transfer coefficient KLa, based on an improved two-probe method which avoids 
some of the difficulties experienced by previous researchers (Moppett et al., 1996). It was 
found that the variation of the KLa with ReN or DN was similar where the KLa increases to 
a maximum and then decreases. This particular trend has not been observed previously by 
other workers. On the other hand, the KLa appears to decrease slightly with increasing 
L/DN• Again, this is also in contrast to the findings of other authors. All others workers, 
e.g. Ohkawa et al. (1987a), Tojo and Miyanarni (1982) and Bin (1993), found that the 
KLa increases with increasing ReN, L/DN and DN. Despite the differences described above, 
the average value of KLa obtained in the present experiments are noticeably higher than 
those obtained by previous workers (unconfined systems) and are comparable with the 
results obtained for confined systems e.g. Moppett et al. (1996) (see §5.11.3). 
In assessing the potential of confined plunging liquid jet bubble column for wastewaster 
treatment, it is important to achieve equal or higher oxygen transfer efficiency compared 
with conventional methods. The OTE obtained for the present experimental conditions, 
range from approximately 0.5 kg Oz/kWh to 4 kg Oz/kWh, which is well within the OTE 
values achievable via the conventional aeration methods (see table 2.3, §2.8.2). Thus, 
with this simple technique of introducing gas into the liquid pool for the treatment of 
wastewater, an equally high performance compared to that of the existing conventional 
methods may be attained. Most important of all, the use of the plunging liquid jets 
systems is safe, economic and free from hazards. 
As for surfactant and alcohol containing aqueous systems, an increase in either the 
Reynolds number ReN. jet length to nozzle diameter ratio LfDN and nozzle size DN also 
leads to positive increase in the penetration depth, the mean gas hold up, and the gas 
entrainment rate. 
In general, the Hp, eo and Tb of these aqueous surfactant systems are greater than those of 
air-tap water system due to the generation of the smaller bubbles. These increasing effects 
are beneficial to the mass transfer. However, the gas entrainment rate is found to decrease 
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either with increasing surfactant/alcohol concentration or carbon chain length. The 
decrease in QG is thought to be attributed to the decrease in the liquid surface tension 
which affects the jet surface roughness. Hence the air entrainment behaviour at the 
impinging point is also affected. 
As for the mass transfer characteristics, the KLa, a value and OTE of the 
surfactant/alcohol containing aqueous systems are generally slightly lower than those 
obtained by tap water system. The decrease of all these variables is mainly due to the 
substantial reduction in the liquid mass transfer coefficient KL, which exceeds the degree 
of increase in the specific area a. The oxygen transfer efficiency (OTE) obtained for the 
range of experimental conditions for surfactant/alcohol containing aqueous systems, 
ranging from 1.7 kg 02lk.Wh to 2.6 kg Oz/kWh. This range of OTE is reasonably high; 
again this shows that the confined plunging jet is capable in delivering a good OTE in 
comparison to those delivered by conventional aeration methods. However, the presence 
of high concentration of surfactants (more than about 5 ppm) were observed to prevent 
the operations from being carried out in the present rig, due to the formation of extremely 
small bubbles «< 1 mm). Although the specific interfacial area is very large, the bubbles 
are very likely to become oxygen-depleted. 5 ppm surfactant was sufficient to saturate the 
liquid interface and thus further addition of the surfactant had a negligible effect on the 
liquid surface properties, the bubble size distribution and hence the magnitude of the 
overall mass transfer coefficient (Eckenfelder, 1956). These preliminary investigations of 
the air-surfactant containing aqueous systems, have provided some insights towards the 
treatment of the wastewater e.g. in the brewery or oil industry wastewater (high alcohols 
content) and in the textile industry wastewater (high concentrations of surfactants). 
In conclusion, the present research work has contributed towards a better understanding 
of the hydrodynamics and mass transfer characteristics of the plunging liquid jet system, 
in both air-tap water and air-surfactant containing aqueous systems, which is useful for its 
future applications in the wastewater treatment. 
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7.2 Recommendations and Further Work 
One aspect of the present study that should be looked into is the experimental 
arrangement; the current rig provides no access to the confined column which precludes 
making detailed measurements especially on the bubbles within the bubble dispersion 
cloud. A modification on the current experimental set up is therefore suggested. Figure 
7.1 shows a proposed modification of the experimental apparatus arrangement that may 
be employed for future work. 
At present, the mass transfer experiments were only conducted using one column size i.e. 
Dc = 0.10 m. Future studies should investigate the effect of a different downcomer size 
(Dc = 0.075 m) on the mass transfer characteristics (i.e. KLa, a value and OTE). 
However, it is expected that a decrease in the column diameter should result in an 
increase in KLa, as was previously studied by Tojo and Miyanami (1982). 
The liquid mixing pattern within the confined column was only validated for the air-tap 
water system. The assumption that the same liquid mixing model is also applicable for 
air-surfactant containing aqueous systems needs to be validated in a future study. 
As mentioned earlier (§7.1), the present method of estimating the bubble size from the 
photographs does not produce useful quantitative results, because of (i) optical distortion 
and (ii) the high hold up which leads to overlapping bubbles. Thus, in order to obtain the 
bubble size distribution, it is recommended that a more sophisticated method, such as the 
use of a two-point conductivity probe or fibre optic probe should be employed for the 
future study. This method could also be used to estimate the gas hold up, bubble sizes and 
the bubble velocity (e.g. Lewis and Davidson, 1983). At present, the average void fraction 
was only estimated from the momentum balance based on the difference in the liquid 
heights and this does not yield information about the local £(; or the bubble size 
distribution within the bubble dispersion cloud. Therefore, future work should develop a 
probe, to carry out the direct measurements on bubble size, bubble velocity and hence the 
local void fraction as a function of experimental variables 
i.e. Co = f(VN ,DN ,DC,Lj / D N) in both the air-tap water and air-surfactant containing 
253 
Chapter 7 
Nozzle 
Confined 
column 
U - tube 
Liquid volumetric flowrate, QL 
'0 
... 
··0 . 
· .. 0" 
o • 
"0 
· ... 
• 
· . 0·· 
.. 
o • 
o • 
.. 
· . 
• • 
o 00 
• 
o .. 
• • o· 
• 0 
Drain 
Main reservoir 
tank 
Drain 
Conclusions and Recommendations 
Tap 
water 
supply 
By-pass 
line 
Rotameter 
Mono 
pump 
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aqueous systems. Upon obtaining these measurements, a clearer picture of the hold-up 
structure within the two-phase expanding jet could then be established. This is also vital 
as it would provide a better understanding of the coalescence process between the 
bubbles. It has been thought that the coalescence process affects the depth to which the 
bubbles are carried and thus the rate of coalescence determines the volume of dispersion 
avai~ble for mass transfer within the stationary bubble cloud. This information on the , 
bubble size distribution within the downcomer could then be utilised to estimate the 
specific interfacial area a and hence the liquid mass transfer coefficient KL. The detail 
bubble measurements could also provide an explanation for the present peculiar variation 
of the KLa with ReN or DN (see §5.l 1.1). 
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Currently, only the surface roughness of the liquid jet has been measured for the air-tap 
water system. It would be worthwhile to further investigate the surface roughness of the 
liquid jet resulted from air-surfactant containing aqueous systems. As known from 
previous studies of McCarthy et al. (1970), Ervine et at. (1980), Kusabiraki et al. (1990a), 
Yamagiwa et al. (1990) and Kusabiraki et al. (1992), the jet surface roughness is affected 
by the surface tension and it is also one of the major variables in governing the gas 
entrainment rate QG. Thus, the present method of the jet surface characterisation could be 
performed on liquid jets of surfactant-containing aqueous systems. The results obtained 
could then be used to explain the current trends of the gas entrainment rate in the presence 
of surfactants; also, the relationship between the jet surface roughness and the 
corresponding gas entrainment rate may be established. 
The present systems investigated are only limited to those of air-tap water system and 
some selected air-surfactant containing aqueous systems. It is therefore planned that a 
different system that closely represents the wastewater, or a "synthetic" wastewater 
should be examined in the near future so that the study of the hydrodynamics properties 
and the mass transfer characteristics of this "synthetic wastewater" system would then be 
carried out. 
A further problem is expected if wastewater were to be investigated, which arises from 
the desorption of gas carbon dioxide produced from the biodegradation reaction. Gas 
carbon dioxide would desorb into the oxygen bubbles and subsequently release their gas 
back into the headspace. The increase in the headspace carbon dioxide mole fraction 
would reduce the oxygen partial pressure in the entrained bubbles, leading to a decrease 
in the mass transfer driving force. Due to this undesired effect that would reduce the 
oxygen utilization efficiency, the purging of the headspace gas is therefore a must. Thus, 
it is thought that the headspace may be designed to operate at a pressure above 
atmospheric, so that the stream of purged gas may be sparged back into the liquid at the 
bottom of the treatment tank. This would utilise some of the oxygen from the purge 
stream. This method has the advantage that a stationary bubble cloud is formed and that 
the purged gas is recycled in the form of a conventional sparger. 
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AI.I Orifice Plate Flowmeter Calibration Procedure 
To commence, the reservoir tank was filled up with tap water to lA of its total capacity. 
Only calibration pipeline was involved in the liquid volumetric flowrate calibration 
process. The pump was switched on and allowed to run for 2 minutes before any 
readings/measurements were made. The liquid volumetric flowrate was controlled by the 
valve upstream of the orifice plate flowmeter. Tap water was continuously supplied to the 
reservoir to prevent the tank from running dry. The water leaving the calibration pipeline 
was collected in a calibrated container; the volume change was recorded and the 
corresponding time taken was then measured using a stopwatch. Simultaneously, the 
voltmeter reading from the DP cell amplifier was also recorded. 
The above procedures were repeated for a range of flowrates from the minimum to the 
maximum achievable flowrate. 
o·ring seal 
25.68 mm 
vena contracta 
25.0 mm 
Pressure tappings 
Figure Al.l Detailed design of orifice plate flowmeter 
Figure A 1.1 shows a detailed description of the orifice plate flowmeter used. This device 
simply consists of a flat plate with a bevelled central orifice which is fitted 
perpendicularly to the water flow into the pipe. 
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The pressure drop between 1 and 2 is related to the volumetric flowrate by 
QL = AoCd 2~2 PL[l-(Doldp)t 
where 
QL = Liquid flowrate through the pipe (m3 S-I) 
Aa = Flow area of orifice plate (m2) 
Cd = Discharge coefficient (taken as 0_62) 
PL = Liquid density (kg m-3) 
Do = Diameter of orifice plate (m) 
dp = Diameter of pipe (m) 
The voltage V from the pressure transducer is linearly related to M12 and so we expect 
that 
The calibration is shown in figure AL2 below: 
1_00,--------------------------, 
0.80 
~ 0.60 
> 
.,; 
Cl 
., 
~ 0.40 
> 
0.20 
• 
0.00 ... ----,-----,-----,-----,-----,-----1 
FigureAl.2 
O.OOE+OO 1.00E-06 2.00E-06 3.00E-06 4.00E-06 S.00E-06 6.00E-06 
Q L2 (m"ts2) 
Orifice plate flowmeter calibration (Voltage, V against square of liquid 
volumetric flowrate, Ql) 
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Al.2 Rotameter Calibration 
The consistency of the flowrates with those calibrated scales on both rotameters RI and 
R2 were checked, using the calibration line, as in §A1.1. The values of all the measured 
flowrates were double checked with the flowrates evaluated from the corresponding 
voltmeter readings. It was found that both calculated flowrates were the same to within 
±5% discrepancy compared to the readings taken from rotameters. 
Voltage Rotameter Volume Time taken Calculated flowrate, Q L (Vmin) 
(mV) reading occupied t (s) from Vlt from voltage 
QL (l/min) V (mJ) 
1.1 5 12000 139.25 5.2 5.0 
2.8 8 12000 86.11 8.4 7.9 
4.4 10 12000 70.81 10.2 10.0 
8.9 15 12000 48.77 14.8 14.2 
17.9 20 12000 34.63 20.8 20.1 
28.0 25 12000 27.30 26.4 25.1 
44.7 30 12000 22.81 31.6 31.7 
59.1 35 12000 19.61 36.7 36.5 
71.3 40 12000 17.34 41.5 40.0 
TableAU Check on the rotameter calibrations. 
Al.3 Conductivity Probe Calibration Curve 
12.00 
10.00 
~ 8.00 
> 
Q) 6.00 Cl 
'" '6 
> 4.00 
2.00 
0.00 -\--~-~-~-~-~~-~-~-~-~-~----4 
~ ~ ~ ~ ~ 1m 1_ 1M 1S 1S ~ ~ 
Sodium chloride concentration C NaG (gill 
Figure AI.3 Conductivity probes calibration curves: Voltage V versus sodium chloride 
concentration CNaCI 
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The calibration of both conductivity probes was perfonned simultaneously using a series 
of sequentially diluted salt solution with known concentrations. Initially, a concentrated 
salt solution was prepared from sodium chloride at a concentration of lOgIl. 10 cm3 of 
this solution was drawn with a syringe and diluted with tap water of a known volume. 
The corresponding voltages of both probes in this resulting salt solution were recorded. 
The above dilution and voltages recording procedures were repeated until a full range of 
the voltage against salt concentration was obtained. As can be seen from figure Al.4, the 
probes behave linearly over the range of 0 - 7 V, corresponding to salt concentrations of 
0- 1.2 gIl. Therefore, a salt concentration in the linearity region could be prepared for all 
the tracer experiments. 
AI,4 Response Curves of Dissolved oxygen probes 
The methods for detennination of the response times of the dissolved oxygen probes have 
been described in §3.1O.2.2. Both probes have similar response time of about 3 s. Figure 
Al.4 shows typical response curves for the oxygen probes used in this work. 
1.00 
- Dissolved oxygen probe (1) 
0.80 - Dissolved oxygen probe (2) 
~ 
> ~ 0.60 
> 
Q) 
Cl 
Cl! 0.40 g 
0.20 ~ 
0.00 
0 20 40 60 80 100 
Time t (5) 
Figure Al.4 Response curves of both dissolved oxygen probes. 
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Table A2.1 shows the measurements obtained for each nozzle dimension, using an 
electronic vernier. 
Dimension (mm) Nozzle 
1 2 3 4 5 
Inside diameter, D N 4.97 5.97 8.02 10.37 12.23 
Outside diameter, (D N )0 7.11 8.10 10.20 12.22 14.21 
6 
15.23 
16.48 
Length, LN 74.68 90.07 120.87 150.80 182.07 233.26 
Length to inside 15.03 15.10 15.08 14.53 14.90 15.32 
diameter ratio, L NID N 
al 26.44 26.48 26.44 26.45 26.48 26.27 
a2 32.96 32.96 32.94 32.93 32.92 31.73 
bl 23.89 23.37 23.57 23.02 22.95 24.21 
b2 7.64 7.29 7.26 6.98 6.89 8.08 
Table A2.1. Nozzle dimension 
* For dimensions of symbol a], a2, bl and b2, please refer to figure 3.2, §3.2. 
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A3.1 Oxygen Mass Balance on a Bubble 
In §4.6, an assumption was made that the oxygen partial pressure of the bubbles remains 
constant throughout each experiment due to the low solubility of the oxygen and the 
relatively short bubble residence time. Furthermore, the mass transfer process was 
conducted under isobaric and near isothermal conditions. However, this assumption holds 
only if the amount of the absorbed gas oxygen from bubbles into liquid is small. 
Thus, the following section examine the variation of the oxygen partial pressure on a 
bubble. Consider an oxygen mass balance on a bubble, 
_!...(MPO,Vb)=K :ffd2 (C'-C ) dt RT L b L u. (A3.1) 
where, CL' =Po2IHL; Vb is the bubble volume and it is assumed to be constant, db is the 
bubble diameter; P 02 is the partial pressure of oxygen in the bubble; R is the molar gas 
constant (8314 JlkmoIK); T is the absolute temperature; M is the relative molecular mass 
of oxygen. Equation (A3.I) was integrated over a given time interval based on the 
residence time of the bubbles in the downcomer and a set data given below. 
Data: 
Oxygen saturation concentration, C~ (kg/m3) 
Oxygen Henry's law constant, HL (N/m2) 
Bubble diamater, (db)v, (m) 
Volume of the bubble, Vb (m3) 
= 
= 
= 
= 
0.00924 
4.437x109 
0.0035 
2.24493xlO·s 
Relative molecular mass of oxygen, Moz (kglkmol) = 32 
Molar gas constant, R (JlkmoIK) = 8314 
Absolute temperature, T (K) 
Liquid mass transfer coefficient, KL (rn/s) 
Maximum bubble residence time, (1i,)max (s) 
Oxygen partial pressure, P 02, att = 0 (bar) 
272 
= 
= 
= 
= 
293 
6.9968xlO·s 
20 
0.21 
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The mean gas bubble residence time of the present confined plunging liquid jet systems 
was evaluated using equation (A3.2) below: 
(A3.2) 
where Cc is the mean gas hold up, VBc is the total volume of the bubble cloud dispersion 
(m\ and Qa is the volumetric gas entrainment rate (m3/s). The maximum bubble 
residence time throughout all jet operating conditions was estimated to be about 20 s. 
Figure A3.1 showed a plot of the oxygen partial pressure as a function of time. The 
reduction of the oxygen partial pressure was found to be negligibly small over the 
maximum bubble residence time, i.e. from 0.210000 to 0.209991 bar; a decrease of about 
0.04% only. Thus, the assumption that the volume of the bubble Vb remains constant is 
therefore valid. Hence the assumption of the constant oxygen partial pressure throughout 
the experiment is also valid. 
0.21050 
1ij 
e 0.21000 
1) 
a:: 
Q) 
::; 0.20950 
<J) 
<J) 
Cl) 
~ 
a. ~ 0.20900 
'" 
maximum bubble residence time, a. 
c 0.20850 ( 'Tb)max ~ Cl) ~ o 0.20800 
0.0 5.0 10.0 15.0 20.0 25.0 
Time t (s) 
Figure A3.1 Oxygen partial pressure versus time 
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Appendix IV Mathematical Validation of the Substituted Normalised 
Concentrations in ODEs 
A4.1 Mass Transfer Model 
Figure A4.1 shows the flow model as represented in a block diagram. 
Ca(t) CSTR 1 
VBC} 
CSTR2 
VBC2 
C/(t) 
Figure A4.1 The Flow Model as represented in a block diagram 
An oxygen mass balance was first conducted over the liquid in the fully mixed bubble 
dispersion cloud. However. in this model the bubble cloud was assumed to consist of two 
completely mixed regions with equal volume. An individual oxygen mass balance was 
carried out separately for each region: 
Region (1) - CSTR1: 
(A4.1) 
Region (2) - CSTR 2: 
(A4.2) 
Region (3) - PFR (as accounted for the total time delay td. as described earlier): 
(A4.3) 
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where VBCl and VBC2 are the total volumes of the CSTR 1 and 2 (VBCl = VBC2 = VBcl2). 
Again, td is the total time delay, as described earlier for mass transfer model I. Co (t), Cl 
(t), C: (t) and C2(t) are the dissolved oxygen concentrations at their respective locations 
as depicted in figure A4.1. 
Due to the oxygen concentration measurement problems (as described earlier in §3.4.2), 
before KLa value was evaluated, both data sets of Co(t) and C2(t) needed to be normalised 
first. All the concentration terms, Cj(t) were normalized, as in equation (A4.4): 
n. (t) = Ci (t) - Ci (0) 
, C· -CJO) (A4.4) 
where nj(t) is the normalised oxygen concentration at a location, i = 0, 1 or 2, at time t. 
Rearranging 
Ci (t) = nj (t)( C· - Cj (0» + Cj (0) (A4.5) 
Substitute for Cj(t), where i = 0, 1,2,3 and etc., into equations (A4.1): 
V (1- e )(C' - C (0» dn, (t) 
BC' G , dt 
= KLaVBC, (C' - c, (O»(I-n,) + Qj(Co(O) -Cl (0» +no(C' - Co(O»-n,(C' -Cl (0»] 
(A4.6) 
In the experiments, we know that Co(O) = Cl(O) = C2(0) etc ... since the liquid is initially at 
a uniform concentration. Hence, 
(A4.7) 
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Similarly, we have, 
(A4.8) 
:.equations (A4.1) to (A4.3) should also hold for the normalised variables. 
The probe dynamics could also be normalised as below: 
(A4.9) 
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